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       Frodo quoting Bilbo: 
      “The Road goes ever on and on 
       Down from the door where it began. 
      Now far ahead the Road has gone, 
       And I must follow, if I can, 
      Pursuing it with eager feet, 
       Until it joins some larger way, 
      Where many paths and errands meet. 
       And whither than? I cannot say.” 
 
Voorwoord 
Toen ik zes jaar geleden voor vier jaar naar Nijmegen kwam om te promoveren kon ik niet 
voorzien hoe die jaren eruit zouden gaan zien. Nieuwe stad, nieuwe mensen werd gelukkig al snel 
leuke stad, leuke mensen. En er stond me een hoop te wachten. 
Hier gaat het vooral om mijn werk op de afdeling Anorganische Chemie of, zoals het intern is 
gaan heten, Metaal Organische Chemie. Hoewel ik mijn geld van NWO kreeg, waren het 
natuurlijk de mensen die de omstandigheden creëerden waarin ik kwam te werken. Peter 
Budzelaar en Ton Gal hebben me gelukkig altijd gesteund en met raad en daad bijgestaan en 
hebben daarmee in belangrijke mate bijgedragen aan het tot stand komen van dit proefschrift. Dat 
Floris Rutjes mijn promotor is geworden is een samenloop van omstandigheden. Vervelende, 
omdat het het gevolg is van dat Ton het niet kan zijn en grappige, omdat hij ook mijn begeleider 
was tijdens mijn afstuderen aan de UvA. 
Daarnaast ontstond er een nieuwe generatie promovendi op de afdeling. Samen lunchen, praten 
over onderzoek en gezelligheid, op de afdeling en daarbuiten, het kon met Monique, Sander, Arno 
en Simone allemaal en ook als het eens tegenzat waren ze er om de boel weer een beetje vlot te 
trekken. Aan beide kanten werden wij natuurlijk geflankeerd door eerdere en latere promovendi. 
Bas en Reinout die aan het begin al bijna klaar waren en Jaap, Quinten en Dennis zitten nu juist 
midden in hun promotie onderzoek and Carmen just started. 
Van de vaste staf is niet iedereen meer werkzaam, maar ze hadden allemaal een onvervangbare 
plek op de afdeling. Met Paul heb ik vijf jaar een kamer en het een en ander aan lief en leed 
gedeeld en Theo was bijna altijd in de buurt als ik op het lab iemand nodig had. Jan en Rene 
hebben er voor gezorgd dat de mooiste plaatjes in dit proefschrift er konden komen door de 
kristalstructuren op te helderen. Bas heeft vooral bij het voltooien van dit boekje een rol gespeeld, 
als lid van de manuscriptcommissie en vraagbaak voor praktische puntjes. Ingrid is het nieuwe 
bloed op de afdeling en degene waar je antwoord krijgt op alle niet wetenschappelijke vragen. 
Daarvoor was er Trudy, een fijn mens en goede secretaresse, Koos de docent, Jan en Wim. 
Het voordeel van werken op een universiteit is dat er ook stapels studenten rondlopen (bij ons 
wel, tenminste). Ze verlengen gevoelsmatig mijn studententijd nog een beetje en kunnen een 
substantiële bijdrage leveren aan de data voor een proefschrift. Er hebben er zoveel rondgelopen, 
dat ik niet ga proberen ze allemaal op te sommen, maar een paar namen wil ik wel noemen. Koen 
S. heeft wat voorwerk voor mijn onderzoek gedaan, zodat ik niet helemaal met lege handen 
hoefde te beginnen. Daarnaast heb ik het geluk gehad dat Koen H. en Quinten hun stage bij mij 
liepen. Zij hebben er voor gezorgd dat de cobalt chemie in dit proefschrift zo’n belangrijke plaats 
heeft gekregen. Daarnaast hebben ook Dennis en Erik tijdens hun stage meegewerkt aan het 
puzzelen met rhodium. De rest heeft vooral voor een ontspannen sfeer gezorgd tijdens hun stage 
en soms daarna nog als ik ze tegenkwam als promovendi. 
Dat de nieuwe mensen die ik hier heb leren kennen leuke mensen bleken te zijn merk je natuurlijk 
vooral op sociaal vlak, dus dingen samen doen. Binnen het werk zijn daar gelukkig al genoeg 
mogelijkheden toe: een praatje maken, koffie drinken, borrelen, spelletjes spelen, voetbal kijken, 
uit eten. Daarnaast zijn er de mensen die ik tegen ben gekomen rond het dartbord, op de 
toneelvloer, tijdens mijn persoonlijke intermezzo en vooral op en rond het frisbeeveld. Nieuwe 
dingen zijn meestal leuk! 
En dan zijn er natuurlijk ook de leuke mensen die ik al kende voor ik naar Nijmegen kwam. 
Ondanks dat er vaak flink wat geografische afstand was ontstaan, bleef de gevoelsmatige afstand 
klein. Dan heb ik het natuurlijk vooral over mijn klas- en studiegenootjes Kuldip, Patrick, Justin, 
Ruben, Marianne, Dirkjan, Inge, Tibart, Cees-Jan, Natasja, Niels, Marieke en York. Voor 
sommigen was de geografische afstand ook niet eens groot en daar ben ik erg blij mee, Arjan, 
Rudi en Monique. 
De meeste mensen die ik tot nog toe noemde konden wel aardig snappen wat ik hier deed, voor 
mijn familie was dat misschien minder duidelijk. Het feit dat ik onderzoek deed en ging 
promoveren zat er echter wel goed in. Uit huis gaan kan toch voordelen hebben. De band met 
mijn ouders is tegenwoordig een stuk beter en ook met mijn broertje Pieter kan ik het goed 
vinden. Over schoonouders worden grapjes gemaakt, maar op mensen die Nederland van west 
naar oost oversteken alsof het om een dorp verderop gaat om er voor ons te zijn moet je toch 
zuinig zijn. En ook mijn zwager en schoonzus, Mark en Patricia, waren er altijd voor ons, met 
begrip voor de situatie en altijd klaar om te helpen. 
Tot hier heb ik bewust weinig oordeel gegeven aan de mate waarin iedereen heeft ‘bijgedragen 
aan het tot stand komen van dit proefschrift’. Iedereen doet dat op zijn eigen manier en ik 
waardeer het van iedereen. Voor een iemand wil ik een uitzondering maken. Als er iemand in 
mijn omgeving last heeft van een gebrek aan energie is het Karin en als er iemand is die energie 
gestoken heeft in het op gang krijgen en houden van mij, is het Karin. Jij hebt er dan ook voor een 
groot deel voor gezorgd dat ik een hoop niet heb voorzien dat er de afgelopen jaren gebeurd is. 
Het is bijna ongelooflijk dat jij niet bij mij bent weggaan. Je hebt me wakker geschud, een trap 
onder mijn kont gegeven en me van binnen opgewarmd. Ik wist niet wat er allemaal mogelijk was 
en ben dat nog steeds verder aan het ontdekken. Ik wist niet dat we op een stralende winterdag 
zouden trouwen. Ik wist niet dat jij uit twee gebrekkige celletjes zo’n mooi poppetje kon maken. 
Ik denk dat je tante toch gelijk had; Jade lijkt sprekend op haar moeder. Ik ben er van overtuigd 
dat je dit nog een keer gaat lukken. Ik houd van je! 
 
Martijn 
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 1 
Introduction 
 
Polyolefins 
Polymers are long molecules consisting of repeating units of monomer. The formation of a 
polymer chain generally consists of three distinct phases: initiation (formation of an initial active 
species), propagation (repeated addition of monomer units) and (chain) termination (formation of 
an inactive species, permanently stopping growth of the current chain). In transition metal 
catalysis, this may occur either through an intramolecular reaction (β-hydrogen elimination) or an 
intermolecular reaction with an other molecule in the mixture (cocatalyst, monomer, additive). 
The latter phase may also include formation of a new growing chain, in which case it is 
commonly called chain transfer. 
The polymerisation process usually involves activation of a catalyst precursor (precatalyst) to an 
active form, commonly in the presence of the monomer. Polymer molecules will then form until 
either the monomer supply is exhausted, or the active species have all decayed to inactive species 
(deactivated); the latter reaction (or collection of reactions) is commonly called termination, 
causing some confusion in relation with the above-mentioned single-molecule meaning of chain 
termination. 
In the present thesis, focus will be on the use of olefin monomers and transition-metal catalysts 
for the formation of polyolefins. This reaction proceeds via coordination/insertion polymerisation. 
Polyolefins are one of the most important bulk chemicals produced by the chemical industry. In 
contrast to most other chemicals, they are often (after suitable shaping and/or physical mixing) 
true end products. They are the basic ingredient of many plastics. Different applications of plastics 
require different polymer properties (processability, chemical resistance, stiffness, toughness, 
flexibility, etc.). The simplest and most easily made polyolefins are polyethene (PE) and 
polypropene (PP). These two polymers can already cover a wide range of properties. Pure 
polyethene can have different material properties depending on its molecular weight 
(distribution). Additional variations are possible by co-polymerising ethene with a small amount 
of higher olefins (usually C4 - C8), introducing some branching in the polymer chains. 
Polypropene covers an even wider range of properties due to the presence of a methyl at one in 
every two carbon atoms of the polymer chain. Propene (and other α-olefins) may insert into the 
growing chain in two ways. After 1,2 insertion, the alkyl side-chain ends up in the 2-postion of the 
growing polymer, after 2,1 insertion at the 1-position. In order to get a regio-regular polymer, all  
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Figure 1. Stereo (ir)regular forms of regio-regular PP. 
insertions have to be the same (usually 1,2 insertion). The direction of the Me groups can be 
random or contain a certain amount of order (stereo-regularity: Figure 1). Commercially, isotactic 
PP is by far the most important polypropene, although atactic PP also has its applications. 
The range of properties of polymers can be further expanded by introducing functionalised 
monomers into the chain. These may influence the interaction between the chains themselves or 
with other components of the final product: this can modify the miscibility of polymers or affect 
their surface properties (paintability, wettability). The functional groups may be used for chemical 
modifications after formation of the polymer, for instance to form cross-links between the chains, 
thereby increasing the strength of the product. Functionalised monomers may be polymerised 
themselves (not addressed here) or incorporated in polyolefins by using both monomers in the 
same reaction (copolymerisation). 
Variation of the microstructure of polymers may also be achieved by changing the reaction 
conditions. Chain length may be controlled by adjusting the temperature (higher temperature 
results in shorter chains) or adding a small amount of H2 (or another “chain transfer agent”). Some 
catalysts are capable of so-called living polymerisation. This means that the catalyst resting state 
is stable and that no chain termination occurs. The result is that at the end of the polymerisation 
reaction all chains have nearly the same length and the polymer has a very narrow molecular 
weight distribution. With such a catalyst, one could in principle create block copolymers (for 
instance PE-PP-PE) by adding different monomers sequentially. Such materials could be very 
useful as compatibilisers. Unfortunately, there are as yet no catalysts that are truly living for both 
ethene and higher olefins (or even for propene and higher olefins). 
These are all characteristics on the molecular scale. Material properties of polymers not only 
depend on the dominant chain structure, they are also affected by the distribution of molecular 
properties (molecular weight, regio- and stereo-defects, comonomer incorporation). The amount 
and distribution of chain defects, in particular, have a strong influence on the percentage of 
crystallinity, the size of the crystallites and sometimes even on the crystal structure (polymorph) 
and hence determine the bulk physical properties. 
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Developments in polyolefin synthesis 
High pressure, high temperature radical polymerisation of ethene has been known since the 
1930’s. In this process LDPE (low density PE) is formed. LDPE has a strongly branched polymer 
backbone (“long chain branching”) and also contains many short (C4 - C6) side chains. 
In the 1950’s Ziegler discovered that polyethene could be formed under milder conditions by 
using a combination of a main group metal alkyl (e.g. AlEt3) and transition metal salt (e.g. TiCl4) 
as a catalyst.1 The polymer produced in this way is referred to as HDPE (high density PE) and 
consists of long chains without any branches. Shortly after this, Natta found that in the same way 
propene could be polymerised to isotactic polypropene (all the methyl side chains point in the 
same direction), which opened the way to new polymer properties.2 Classical Ziegler catalysts are 
heterogeneous, with the polymerisation taking place on dislocations and edges of TiCl3 crystals. 
The ill-defined heterogeneous nature of the catalysts results in multiple active sites and therefore a 
broad molecular weight distribution. Over time the system has been improved, for example by 
using MgCl2 as a solid support. Ziegler/Natta catalysis is still the most important process for 
industrial production of PE and PP. Key aspect is the control over polymer morphology for PE 
with these catalysts.3
Another early example of an ethene polymerisation catalyst is the Phillips catalyst, which is 
formed from CrO3 on a silica support.4 This system has not developed as much as the 
Ziegler/Natta catalysts have and is not understood in all detail. It gives lower activities and is not 
able to polymerise propene, but it does not require aluminium alkyl cocatalysts. Still, it is 
responsible for a large fraction of the polyethene produced commercially.5
The introduction of metallocenes (Cp2MCl2; Cp = cyclopentadienyl, M = early transition metal; 
Figure 2) in 1957 as well-defined, single-site catalysts was another step forward in the production 
of polyolefins.6 The complexes were activated with alkyl aluminium compounds. 
M
Cl
Cl
 
Figure 2. A prototype metallocene. 
Their potency was not recognised immediately. Activities were not that high, propene could 
hardly be polymerised and the nature of the active site was not clear. A breakthrough came with 
the discovery, some twenty years later, that a small amount of water drastically increased the 
activity.7 It was found that metallocenes could be activated with partly hydrolysed AlMe3 and this 
prompted the introduction of MAO (methylaluminoxane).8 A crucial advantage of metallocenes is 
the adaptability of the catalytic system. Depending on the substituents on the Cp rings, isotactic, 
syndiotactic or hemi-isotacted PP can be produced.9 It is necessary to use so-called ansa-
metallocenes for this (Figure 3a), which contain a bridge between the Cp rings to fix their 
orientations.10 Restricting the coordination sphere of the metal in this way not only improved the 
stereoselectivity, but also increased the activity of the catalyst and the molecular weight of the 
polymer. 
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The use of MAO has some disadvantages. A large excess of MAO is necessary, causing a serious 
contribution to the price of the catalytic system. Also, MAO can play a role in the deactivation of 
the catalyst and the termination of the growing chain. Finally, MAO consists of a mixture of 
products, including unreacted AlMe3, and performs several roles (alkylation, alkyl abstraction, 
scavenging). Alternative, better-defined systems have been developed in which these various roles 
are performed by different reagents (vide infra). These “clean” systems are better suited for 
academic studies of catalytic behaviour. For industrial applications, however, MAO remains the 
best cocatalyst. 
The versatility of metallocenes as such and their potential as catalysts continue to attract a lot of 
attention. A large number of variations on the metallocene theme has been devised. One example 
is that of constrained-geometry catalysts (Figure 3b), containing only one Cp ring, connected by a 
bridge to a heteroatom that also coordinates to the metal centre.11 These catalysts also require 
activation with, for instance, MAO. 
X M
Me
Me
M
Me
MeN
R
X
a b  
Figure 3. Ansa-metallocenes (a) and constrained-geometry complexes (b). 
The latest development in the field of olefin polymerisation is the introduction of late transition 
metal (LTM) complexes as catalysts. For a long time, it was believed that fast β-H elimination 
would prevent the formation of high molecular weight polymer at late transition metals. Indeed, 
very few active catalysts were known until the early 1990’s. Selective formation of α-olefins from 
ethene by (P-O)NiII complexes (SHOP; Figure 4) was the most successful related process.12
O
Ni
P
Ph
Ph
PPh3
Ph Ph
 
Figure 4. A SHOP catalyst. 
Then Brookhart introduced Ni and Pd complexes with α-diimine ligands that could be activated to 
produce high Mw polyethene (vide infra).13 The large steric bulk above and below the 
polymerisation site seemed responsible for the retardation of chain transfer, causing the formation 
of long polymer chains. This same feature was present in the Fe and Co complexes discovered a 
few years later by both Brookhart and Gibson (vide infra).14 Pyridine diimine complexes of Fe 
bearing substituted aryl rings rival metallocenes in their activity. An additional advantage of LTM 
catalysts is their reduced oxophilicity. This should facilitate the incorporation of functionalised 
monomers into the polymer and thereby introduce polymers with new macroscopic properties. 
Unfortunately, the highly active Fe and Co catalysts mentioned above are still sensitive to most 
functional groups. 
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The future of olefin polymerisation 
In order for a catalytic system to be interesting for industry, it has to fulfil several requirements. 
First, manufacturing costs have to be as low as possible. In order to produce cheap materials, the 
cost of the components must be low. Especially the large quantities of the activator (MAO) used 
in most “new” polymerisation processes is an important cost factor: Me3Al is more expensive than 
other aluminium alkyls, but is essential for achieving high activities. The use of catalysts that are 
less sensitive to impurities in the reaction mixture may lead to large savings, because the addition 
large amounts of scavenger may not be necessary and the purity requirements of feedstocks may 
be reduced. Secondly, the use of highly active catalysts makes the removal of remaining catalyst 
unnecessary. 
Homogeneous catalysts (especially single-site catalysts) allow better control over polymer 
properties. It is necessary to be able to tune the product properties in detail. For instance, chain 
length may be controlled by the addition of small amount of H2 to the reaction mixture, which 
promotes chain transfer, but in heterogeneous systems this may lead to much broader molecular 
weight distributions. 
The incorporation of functionalised (polar) monomers into a polyolefin chain may greatly expand 
the range of properties of polyolefins. Polar groups exercise control over important properties 
such as toughness, adhesion barrier properties, surface properties (paintability, printability, etc.), 
solvent resistance, miscibility with other polymers and rheological properties. Functional group 
tolerance does not necessarily mean that a catalyst is capable of incorporating functionalised 
monomers in the polymer. Still, catalysts that are active in the presence of polar groups are very 
interesting, because they may not require the use of scavenger. 
Late transition metals are less sensitive for polar groups than early transition metals and were 
therefore deemed more likely candidates for catalysts for the copolymerisation of (α-)olefins and 
functional monomers. 
 
The search for new catalysts and new polymers continues for several reasons. 
- Commercially, good new catalysts are important, because they provide a way around known, 
patented catalysts. 
- Most catalysts are very reactive cationic complexes and polymerisation has to compete with 
several side reactions. Neutral catalysts might induce less interfering reactions. 
- New catalysts may lead to new polymers with characteristics that expand the use of 
polyolefins in the production of plastic materials. 
Eventually, it may be possible to produce a suitable polyolefin for every specific need of the 
plastics manufacturer. This requires options for generating new microstructures and incorporation 
of polar monomers. 
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Activation15 and propagation 
In the 1960’s, Cossee and Arlman proposed that the propagation stage of polymerisation is a two-
step process.16 First, a monomer coordinates at a free coordination site; then migratory insertion 
elongates the growing chain by one monomer unit (Figure 5). 
LM
R
LM
R
LM
R
etc.
CH2CH2
 
Figure 5. Polymerisation mechanism proposed by Cossee and Arlman. 
It is believed that a potential catalyst has to fulfil several requirements. It has to consist of an 
electron-poor metal centre with a metal-alkyl bond for insertion of the monomer and it has to 
contain an available coordination site cis to the alkyl group where the incoming monomer can 
coordinate. Gibson suggested that catalysts should preferentially be positively charged and 
contain no more than 14 electrons.17 Besides, the highly active Ni/Pd and Fe/Co systems show 
that the sterics of the ligand may play a crucial role as well. However, not all complexes that fulfil 
these requirements are highly active polymerisation catalysts. The question ‘what makes a 
complex an active catalyst?’ has still not been answered beyond pointing out a few common 
features in known catalysts. 
 
Most catalyst precursors are neutral complexes that have no easily available coordination site and 
need some form of activation. By far the most common activation process is that of alkyl 
abstraction from a di-alkyl precatalyst by an electrophile. Commonly used electrophiles are Lewis 
acids (MAO, B(C6F5)3), (carbo)cations such as AgPF6 and [CPh3][B(C6F5)4] and Brønsted acids 
(HBF4, HBArF4 (HBArF4 = [H(OEt)2][B(3,5-(CF3)2C6H3)4])). Less common activation methods 
are protonation or Lewis acid activation of olefin complexes (to form an alkyl complex and a 
zwitterions, respectively) and the one-electron oxidation of monoalkyl complexes. 
 
Although polymerisation experiments are often performed with dichloride precursors, most 
mechanistic studies use dialkyl complexes. The reason is that two steps are required for 
dichlorides; alkylation and abstraction. Of course, MAO can perform both reactions, but studying 
this reaction is difficult. Often mixtures of products are observed.18 MAO may either form a 
mono-methyl-mono-chloride complex and abstract a chloride from this, or first form a dialkyl 
complex and then abstract an alkyl from it. The resulting M-Me cation may be present as such or 
as a dinuclear complex with Me3Al (always present in MAO) or with the neutral dialkyl strating 
material (Figure 6).19 The role of Me3Al in this activation is subject to debate. It has been claimed 
that it has nothing to do with activation20, that it mono-alkylates the dichloride complex21 and 
even that it is fully responsible for the activation.22 MAO would perform the remaining tasks 
(alkylation, abstraction, scavenging). Formation of complexes containing growing polymer chains 
has been observed spectroscopically after activation with MAO.18a,b,21
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Figure 6. Activation by MAO. 
The most often used Lewis acid for selective abstraction of an alkyl group23 from a dialkyl 
catalyst precursor is B(C6F5)3.24,25 Reaction with a dimethyl complex gives a cationic monomethyl 
complex, with [MeB(C6F5)3]
- as counterion (Figure 7).26 The strength of the interaction between 
cation and anion through the Me group on boron varies from loosely bound26h to zwitterionic.27 
Additional agostic interactions between the bridging Me and the transition metal have been 
observed.27,28 This is relevant, because the counterion occupies the site required for monomer 
coordination. This is illustrated by experiments with small amounts of olefin where some polymer 
is formed, but most of the catalyst-borane complex remains unreacted. Obviously propagation 
there is faster than initiation. The borate anion is much larger than an olefin, so after the first 
olefin insertion, the increased bulk of the chain favours olefin over anion coordination. Under 
practical polymerisation conditions the large excess of olefin probably prevents coordination of 
borane, because polymerisation activities of isolated cationic Me complex-borane pairs (without 
further activation) are usually comparable to in-situ activated precatalysts (using either MAO or 
borane). 
Abstraction of a benzyl group from MBn2 complexes either leads to cationic M(η2-Bn) complexes 
without direct interaction with the anion26i,27,29 (presumably, activation is preceded by an η2-η1 
rearrangement) or to anions that coordinate with the Bn group in an η6 fashion (Figure 7).26b,d,27,30
LM
Me
Me
LM
MeB(C6F5)3
MeB(C6F5)3
LM
Bn
Bn
LM
Bn
B(C6F5)3
LM
B(C6F5)3
+
BnB(C6F5)3
-
 
Figure 7. Activation by B(C6F5)3. 
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In some cases, a mono insertion product could be observed after reaction with olefin.26d,30,31 
[RB(C6F5)3]
- counterions are not completely innocent: reactions have been observed where C6F5 
groups were transferred to the metal.26a,28a,32
To reduce interaction between metal and anion, more bulky boranes have been used to abstract 
alkyls, such as PBB26b,33 (PBB = tris(2,2’,2’’-perfluorobiphenyl)-borane) and PNB34 (PNB = 
tris(β-perfluoronaphtyl)borane). These activators may result in somewhat higher activities, but 
dimeric µ-Me structures between an activated cationic species and a dimethyl precursor (as in 
Figure 6) are more abundant than with B(C6F5)3. 
To reduce interaction between cation and anion, alkyl abstraction may be performed with 
[CPh3][B(C6F5)4]. 35,36 The anion of the resulting complex, [B(C6F5)4]
-, is less coordinating than 
the [RB(C6F5)3]
- anion. The resulting cationic complexes behave similar to those obtained with 
B(C6F5)3. Other salts (e.g. AgPF637 or [Cp2 6 5 4 ) may perform a similar reaction, but 
are used to a lesser extent. 
Fe][B(C F ) ] 38
Protonolysis (Figure 8) is similar to alkyl abstraction with [CPh3][B(C6F5)4]. Acids are hardly ever 
used as such, but generally in the form of a salt with a weakly coordinating amine (e.g. Bu3N, 
PhNMe2). Acids such as HBF4, HPF639 and HBPh4 contain anions that coordinate quite well and 
may react with the desired cation (e.g. by forming M-F complexes40) and are therefore not very 
useful for polymerisation. Anions such as [B(C6 5 4F ) ]
- 41 and [BArF4]
- 42, which are less 
coordinating and virtually unreactive, are more suitable for this reaction. 
LM
Me
Me
LM
MeH+ X- +
X- + CH4
 
Figure 8. Activation by acid. 
A completely different kind of reaction is the activation of olefin complexes with Brønsted or 
Lewis acids (Figure 9). Here, the oxidation state of the metal changes in the process. Ethene 
complexes may be protonated to form ethyl complexes. Alternatively, a zwitterion may be formed 
from the olefin complex and a Lewis acid.43 This reaction is mainly used with butadiene 
complexes.44
H+ X- +
X-LM LM Et
LM L+M
-B(C6F5)3B(C6F5)3
 
Figure 9. Activation of olefin complexes. 
One-electron oxidation of a monoalkyl precursor may occur chemically (using AgBPh4 or 
ferrocenium) or electrochemically. This activation is not very common, but there are some 
examples of this reaction in literature.45
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Early Transition Metals46
The success of the metallocene catalysts triggered a lot of research towards the understanding of 
the processes on a molecular level. Metallocenes have several advantages over traditional Ziegler-
Natta catalysts. They are homogeneous catalysts and therefore easier to study by spectroscopic 
techniques. For instance, insertion of ethene into the metal-alkyl bond was shown to be assisted 
by the formation of an α-agostic interaction prior to insertion.47 Insertion initially yields an alkyl 
complex stabilised with a γ-agostic bond, which subsequently rearranges to a more stable β-
agostic structure. 
Metallocenes are generally regarded as single-site catalysts: the reactivity of a single catalyst 
molecule is representative of the bulk. However, activation leads in fact to a complex equilibrium 
of various adducts of the M-alkyl complex (Figure 10). Remains of the activator, the counterion 
and the solvent all compete with the monomer for the vacant coordination site, together with 
neutral di-alkyl complexes and Me3Al (when MAO is used).19,40,48 Polymerisation studies of such 
complexes indicate that the initial substitution of the stabilising ligand for olefin is much slower 
than propagation after the first insertion. Several examples have been published where polymer 
was formed, while most of the starting metal alkyl complex remained visible in the reaction 
mixture.29a,48a
LM
R
A
LM
R
X-
LM
R
LM
R
Solvent
LM
R
Me
MMenL  
Figure 10. Competition for the olefin coordination site. 
Because of the high oxophilicity of early transition metals, catalyst poisoning is a problem with 
most of the traditional polymerisation catalysts and polar monomers are very difficult to 
incorporate in the polymer. The most common way to circumvent this problem is the use of 
protective groups, which have to be removed once the polymer is formed.49 Sometimes it is 
enough to use olefins where the functionality is clearly separated from the double bond. Halogen 
ω-substituted α-olefins were polymerised by Ziegler-Natta catalysts as early as 1965.50 ω-Chloro-
α-olefins were also copolymerised with ethene using metallocenes,51 while α-ene-ω-ol 
comonomers could only be used after protection of the alcohol functionality.52
 
Late Transition Metals 
Ni/Pd diimine53
The first example of a good late transition metal olefin polymerisation catalyst came from the 
group of Brookhart and contained a bulky diimine coordinated to Ni or Pd (Figure 11). These 
complexes could easily be activated by acid or MAO, depending on the precursor (dialkyl or 
dihalide). 
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NN
RR
MAr Ar
X X
M = Ni, Pd
X = Me, Br  
Figure 11. α-Diimine Ni and Pd pre-catalysts. 
This system has been widely studied and is now understood in detail. The active site is a square 
planar, cationic metal centre with an alkyl chain attached. Ortho substituents on the aryl groups of 
the ligand provide enough steric shielding above and below the coordination plane that the metal 
is not accessible from those directions. As a consequence, associative displacement of the 
growing chain becomes very difficult. Performing the Ni diimine polymerisation at -10 °C 
reduces the rate of chain transfer to practically zero and polymerisation becomes living, with the 
possibility to produce block-copolymers.54 High molecular weight polymer is formed by these 
catalysts. With smaller substituents on the aryl rings, comparable activities were obtained, but 
much lower molecular weight polymer was formed.55 The high molecular weights attainable with 
the hindered catalysts are due to retardation of chain transfer, not to slow β-hydrogen elimination. 
In fact, β-hydrogen elimination rates are considerable compared to propagation. However, the 
displacement of the olefin by an incoming monomer is blocked by the ligand bulk. Therefore, the 
olefin may reinsert and continue growing (Figure 12). 
N
M
N
RN
M
HN
R N
M
HN
β-elimination
re-insertion
chain
termination
 
Figure 12. β-Hydrogen elimination and chain termination in Ni/Pd diimine systems. 
This results in the formation of polymer with a new microstructure. Starting from ethene, a 
polymer is formed with a variable amount of branches. Me branches are formed when after β-H 
elimination, the formed olefin re-inserts with opposite regiochemistry and chain growth continues 
from that point. Subsequent eliminations and re-insertions lead to “chain-walking” and the 
formation of longer branches (Figure 13). With α-olefins, chain-walking may lead to fewer 
branches than expected, because of migration of the metal centre to the end of the chain after 2,1-
insertion. An early example of chain-walking is found in the 2-ω oligomerisation of α-olefins at 
Ni.56
 
The Pd system is ideal to study, because the actual active species is easily prepared,57 either by 
chloride abstraction from a Me-Cl complex or protonolysis of a dimethyl complex. Low-
temperature NMR studies provided a tool to study the activation and first insertion steps of 
polymerisation.13,58 The catalyst resting state is a cationic alkyl species, stabilised by an agostic 
interaction. Because of the possible isomerisation between insertion steps, different agostic 
hydrogens may be observed. Although alkyl substitution at Cα is preferred over Cβ in the 14-e 
agostic cation, β-branching is preferred in its 16-e complexes with Lewis bases.59 Propene was  
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Figure 13. Chain walking. 
found to insert with mainly 1,2 regiochemistry.60 At low temperature, with little chain-walking 
taking place, the resulting polypropene is predominantly syndiotactic.61
Low-temperature NMR studies of the Ni polymerisation system reveal a lower insertion barrier, 
which corresponds to a higher activity under polymerisation conditions.62 The lower amount of 
branching for Ni is explained by the higher β-elimination barrier than for Pd and the lower barrier 
for insertion once ethene has coordinated. 
Although diimine nickel and palladium catalysts are often mentioned in one breath, some 
differences exist. Polymers formed with palladium are usually more branched than when nickel is 
used. With palladium, the amount of branches stays fairly constant with changing reaction 
conditions, but the length of the branches may vary and branch-on-branch structures may occur.63 
With Ni catalysts the amount of branching may be controlled by changing the reaction conditions 
(temperature, pressure and steric bulk around the metal).64 The use of Pt complexes with diimine 
ligands did not result in polymerisation catalysts. Instead stable Pt alkyl-olefin complexes could 
be synthesised as model compounds and no insertion took place.65,66
The Ni and Pd catalysts have also been studied theoretically. Two approaches have been widely 
used in the computational studies. One is the use of DFT calculations on a model system without 
large substituents (HN=CH-CH=NH as ligand). This focuses solely on the electronic aspects of 
the polymerisation. The other is a combination of DFT for the ligand backbone and metal centre 
and molecular mechanics for the bulky substituents (QM/MM). Therefore the results represent a 
combination of steric and electronic effects. Because it was known from experiment that steric 
bulk is essential for polymerisation, the model studies did not produce results that corresponded 
fully with experiment (and they were not expected to).13,67 By comparison with the QM/MM 
studies, they could help in understanding the influence of the steric bulk. The QM/MM studies 
produced results that corresponded quite well with experiment.68 It was shown that the large aryl 
substituents block axial coordination sites (required for chain transfer) over the equatorial sites 
(involved in propagation/isomerisation). Insertion for Ni should be easier and palladium catalysts 
are more prone to chain-walking. 68c Inclusion of Pt in the calculations67g,69 confirms the inactivity 
observed experimentally. 
Shortly after the discovery that the Pd system was an active olefin polymerisation catalyst, it was 
reported that it was also able to incorporate methyl acrylate into the growing chain.70 This 
copolymerisation required 2,1-insertion of methyl acrylate followed by isomerisation to a six-
membered chelate to form the resting state in the catalytic cycle and subsequent ring opening and 
ethene coordination prior to insertion (Figure 14). This leaves the ester functionality at the end of 
a branch instead of incorporated in the polymer backbone.71
 11
Chapter 1 
N
Pd
N
COOMe
N
Pd
N
O
OMe
R
R N
Pd
N
O
R
OMe
chain growth
chain walking
 
Figure 14. Incorporation of MA. 
Activities are much lower than for the homopolymerisation of ethene and the copolymer has a 
lower molecular weight than the homopolymer. Addition of 2,6-di-tert-butyl-4-methylphenol 
prevented the formation of poly-MA via a radical mechanism during polymerisation and seemed 
to increase both activity and comonomer incorporation of this catalytic system.72 Theoretical 
studies confirm the insertion and isomerisation mechanism of the MA molecules and the 
subsequent ring opening to allow ethene insertion as the rate limiting step.73  
Besides copolymers with ethene, also copolymers with α-olefins were synthesised. 
Copolymerisation of ethene with α-olefins containing remote alcohol or carboxylic acid 
functionalities was only possible after protection with trialkylaluminium, comparable to the use of 
these kind of monomers with early transition metals.74 Monomers where the functionality is well 
separated from the olefin have also been used with Ni catalysts.75
 
Other catalytic systems 
By combining the concepts of the Ni/Pd diimine polymerisation chemistry and the SHOP 
oligomerisation process, Grubbs came up with a Ni system with N-O chelates containing large 
groups as ligands and was able to produce polyethene even in the presence of polar molecules 
(Figure 15).76
L
Ni
R
O N
 
Figure 15. Grubbs’ catalyst. 
Reducing the steric bulk resulted in inactive compounds. Differences from the Ni/Pd diimine 
system are that the polymer formed by this catalyst system is almost linear (it contains ca. 10 
branches per 1000 C) and that in the resting state a phosphine molecule seems to be coordinated 
to the metal. The tolerance for functionality includes ethers, esters and ketones, but not protic 
solvents. The complexes decompose by protonation and loss of ligand from the metal. A small 
amount of functionalised monomer (especially substituted norbornene) could be incorporated into 
the growing polymer. 
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Another late transition metal catalyst is [(P(OMe)3)Cp*CoEt]+ (Figure 16).77 This complex 
polymerises ethene in a living fashion and has a strong agostic interaction in its resting state. 
Activities are low, but depend on the coordinating ability of the counterion; non-coordinating 
anions lead to the highest activities. 
Co
H
P(OMe)3
+
 
Figure 16. [(P(OMe)3)Cp*CoEt]+. 
The latest major development in polymerisation with late transition metals was the discovery of 
very active iron and cobalt catalysts with pyridine diimine ligands (Figure 17).  Activities can rival 
those of metallocenes and an active species comparable to that of metallocenes (cationic 
monoalkyl complex) has been proposed. 
N
N
R R
N
M ArAr
Cl Cl
M = Fe, Co  
Figure 17. Pyridine diimine pre-catalysts. 
Studying the polymerisation mechanism was more difficult than for the Ni/Pd system. Theoretical 
studies of the Fe catalyst did seem to support the expected mechanism,78 but for Co the results 
were not as clear.79 No direct experimental evidence for the nature of the active species exists. For 
Fe several inconclusive reports were published. In contrast with general belief, one group reports 
indications of oxidation upon activation,80 others mention the existence of neutral (instead of 
cationic) active species. For Co initial reduction seems more likely.81 Steric bulk is most likely to 
be a main reason for the systems to be active, but it is not as evident as for the diimine Pd/Ni 
system. A few systems with less bulky substituents have been reported to be active catalysts, for 
instance with a monoimine ligand polymerisation was observed82 and with pyridine monoimine 
thiophenyl ligands highly active oligomerisation catalysts were formed.83 In the activation process 
of these last complexes square planar CoII complexes (without S coordination) seem to play a role, 
but without the sulphur atom, no activity was observed. 
In contrast with the diimine Ni system, the pyridine diimine Fe catalyst is deactivated by polar 
monomers.84 There is a report on the homo- and co-polymerisation of 2-aryl-1-
methylenecyclopropanes containing functional groups with a pyridine diimine Co catalyst.85
A more detailed introduction to mechanistic work on the Fe/Co pyridine diimine system is given 
at the start of chapters 5 and 6. 
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Outline of this thesis 
The aim of this research was to gain insight in polymerisation with late transition metals through 
investigation of organometallic complexes relevant to polymerisation. A lot of work had already 
been put into understanding polymerisation with the Ni/Pd and Fe/Co systems. The most 
prominent feature of the Fe/Co systems is the small window of active complexes. Bulky pyridine 
diimine ligands work, but virtually any change to the system (replacement of imine by amine or 
carbene, more flexible ligand, removal/replacement of one imine arm) leads to inactive catalysts. 
This is remarkable, given the wide variety of early transition metal catalysts capable of catalysing 
olefin polymerisation. 
Rh complexes are often less reactive and easier to characterise than the corresponding Co 
complexes, but nevertheless are sometimes active in polymerisation.86 They have been included in 
the present study, both as (potential) catalysts and as possible models for Co complexes. 
A wide range of approaches has been pursued.  
 Chapter 2 deals with the reactivity of RhIIIMe3 complexes. Cn*RhMe3 (Cn* = 1,4,7-
trimethyl-1,4,7-triazacyclononane) is a very slow polymerisation catalyst and therefore expected 
to be easy to study. Selective generation of cationic mono- en di-alkyl species by protonation of 
the neutral tri-methyl starting complex was investigated in order to observe actual active species. 
The influence of solvent and counterion on the polymerisation activity was also investigated. 
 The work described in chapter 3 was aimed at the generation of cationic RhIII alkyl 
complexes starting from neutral RhI olefin complexes. This was mainly attempted through 
protonation. The use of starting complexes containing the functionalised olefin methyl acrylate is 
also addressed. 
 Several new N3 and N4 Co complexes are described in chapter 4. Even though these 
complexes resemble active pre-catalysts (pyridine diimine Co complexes) in surrounding of the 
metal centre and direction of steric hindrance, they display no significant polymerisation activity 
after activation. This emphasises the specific characteristics of the pyridine diimine ligand. 
 In chapter 5, the actual active pyridine diimine Co complexes are investigated. The activation 
was followed step by step and was found to lead to unexpected CoI complexes. The reactivity and 
characteristics of these new square-planar CoI complexes were explored. 
 Chapter 6 describes the comparison of pyridine diimine RhI complexes with the 
corresponding CoI complexes described in chapter 5. The most surprising results were the total 
lack of reactivity towards ethene upon reaction with MAO and the unexpected ligand reactivity in 
transformations of the complex. 
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Olefin polymerisation with Cn*RhMe3 
 
Introduction 
Known rhodium catalysts 
Late transition metal complexes are well known as catalysts for the dimerisation of olefins,1 but 
usually polymerisation is inhibited by fast β-hydrogen elimination and exchange of the dimer for 
monomer. This shows that insertion is not the limiting factor. As early as 1968 Wilkinson had 
demonstrated the insertion of olefins in the metal-hydride bond of rhodium-amine-hydrides.2 
There are even a few examples of Rh polymerisation catalysts (Figure 1).3 The most active 
precatalysts to date are RhCl3 complexes with macrocyclic thioethers as ligands. Several ligands 
were used with three or four sulphur atoms in the ring separated by C2 or C3 bridges, the most 
active being 1,4,7-tri-thiacyclononane (S3-ethano-9). The rhodium complexes were activated with 
MAO.4 Besides rhodium several other late transition metals were used as polymerisation catalysts 
with the same ligands, usually leading to lower activity. 
Rh
N
Me
N
Me
Me
N
Rh
S
Cl
S
Cl
Cl
S
(S3-ethano-9)RhCl3 Cn*RhMe3
1  
Figure 1. Known rhodium polymerisation precatalysts. 
The only other active rhodium catalyst has the related macrocycle 1,4,7-trimethyl-1,4,7-
triazacyclononane (Cn*) as a ligand.5 Starting material is the complex Cn*RhMe3 (1) which upon 
protonation with two equivalents of acid (HX) yields the monomethyl complex Cn*RhMe(X)2 (2; 
Figure 2). This monomethyl complex reacts with ethene to form polyethene in any solvent the 
complex dissolves in. The activity is usually low and the molecular weight is about 10000-15000. 
Solvation of the monomethyl complex in water results in the presumed ‘active’ catalysts 
[Cn*RhMe(OH)(OH2)]+ (2c) at pH 8.6. This species polymerises ethene in water with an average 
turnover number of one per day.6
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Rh
N
Me
N
X
X
N
2 X = a: OTf, b: BF4,c: OH/OH2  
Figure 2. Proposed ‘active’ Cn* catalyst.5 
Cn* chemistry 
Our interest focuses mainly on nitrogen donor ligands, because of previous experience in our 
group and similarity with recently discovered catalysts with Fe/Co and Ni/Pd.7,8
Cn* has been used as an analogue for Cp* (Cp* = pentamethylcyclopentadienyl) and Tp* (Tp* = 
hydridotris-(3,5-dimethyl-pyrazolyl)borate; Figure 3). All are six-electron donors and coordinate 
strictly facially, but Cn* is the only ligand in this group to facilitate polymerisation at rhodium. It 
is as yet unclear why that is. In the present study, we try to shed some light on this question. A 
difference between the ligands is that Cn* is neutral, where the other two are anionic. Cn* is 
considered a hard ligand, because of its good σ-donor and poor π-acceptor capacities.9 This, too, 
is a difference with the ligands Cp* and Tp*, but also with the commonly used phosphines. 
N
N
N
NN
N
B
NN
N
Cn* Cp* Tp*
H-
 
Figure 3. Ligands Cn*, Cp* and Tp*. 
Cn* has been widely used with both early and late transition metals over the last few years. 
Cn*ScMe3 and Cn*YMe3 have been investigated. Reaction with olefins unexpectedly leads to 
σ-bond metathesis products, but reaction of the Sc complex with N,N-dimethylanilinium 
perfluorotetraphenylborate ([HNMe2Ph]B(C6F5)4; protonation and methane loss) or B(C6F5)3 
(methyl activation) leads to a species capable of polymerising ethene and 1-pentene to low 
molecular weight polymers.10 The reactivity of Cn*TiCl3 has been described by Jeske.11 Zero-
valent carbonyl complexes of Zr, Hf and Ti with Cn (Cn = 1,4,7-triazacyclononane) and Cn* as 
additional donors were synthesised by Ellis.12  
Ng synthesised various cationic Cn and Cn* RuII hydride complexes with additional CO and 
phosphine ligands. Protonation of these complexes leads to dicationic dihydrogen complexes, 
which in turn can act as Brønsted acids to reform the hydride complexes.13 Three Cl- ions can be 
abstracted from Cn*RuCl3 with AgOTf. Upon addition of dppe in EtOH [Cn*Ru(dppe)H]OTf is 
formed. The hydrogen is presumably abstracted from the solvent.14  
When the reaction with AgOTf is performed with Cn*RhCl3 in acetonitrile without the addition of 
an extra donor, a tetranuclear cationic complex is formed with a Rh2Ag2Cl6 core.15 When NaBH4 
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is reacted with Cn*RhCl3, stable dinuclear complexes are formed with both terminal and bridging 
hydrides. In solution these hydrides are fluxional.16 It proved very difficult to obtain mononuclear 
cationic complexes by abstracting Cl- from the trichloride. However, Cn*RhMe3 is easily 
prepared from the trichloride and excess MeLi and proved to be a versatile precursor to cationic 
complexes. Reaction of Cn*RhMe3 with one or two equivalents of acid (HBF4, HOTf, HCl) leads 
to the formation of respectively dialkyl and monoalkyl complexes stabilised by the corresponding 
anions (Figure 4). Flood showed that the di- and mono-methyl complexes could be distinguished 
from the tri-methyl starting material by the 1H NMR shifts of the Rh-Me signals.17 He found 
chemical shifts for Cn*RhMe3 of -0.58 ppm, for Cn*RhMe2X of 0.22-0.39 ppm and for 
Cn*RhMeX2 of 1.54-1.90 ppm. Although these values were obtained from measurements in 
DMSO-d6, we have used them in our studies as guidelines for the identification of the number of 
methyl groups on rhodium even when using a different solvent. 
CH3Cn*Rh
CH3
CH3
XCn*Rh
CH3
X
polyethene
HX HXCH3Cn*Rh
CH3
X
Cn*
H
Rh
C2H4 C2H4
1 2
3  
Figure 4. Activation of Cn*RhMe3. 
Flood showed that the dimethyl complex reacts with ethene to end up as an allyl complex (see 
polymerisation section), while the monomethyl BF4 and OTf complexes are active as 
polymerisation catalysts. In [Cn*RhL(Me)(OTf)]BArF4 (L = PMe3 or P(OMe)3), the triflate can be 
replaced by a hydride from NaBH4 to form stable alkyl-hydride complexes. At elevated 
temperatures methane reductively eliminates leading to an unsaturated RhI complex which 
oxidatively adds a C-H bond from methane or solvent. The RhI intermediate can be trapped by 
adding ethene, forming [Cn*RhL(η2-C2H4)]BArF4.18 For CnRhR3 complexes, where R is Me, Et 
or Ph, the same protonation and displacement reactions occur.19 When either Cn*Rh(vinyl)3 or 
Cn*RhMe(vinyl)2 is reacted with acid, one of the vinyl ligands is protonated, but does not 
dissociate subsequently. Instead it rearranges with another vinyl ligand to form a substituted allyl 
ligand.20 For [CnRh(L)(D)R]+ (L = P(OMe)3) scrambling of deuterium among the α- and 
ω-carbon of R was found.21 This suggest some form of reductive elimination-reinsertion sequence 
of D and the alkyl group. 
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Approach 
The aim of this research was to investigate what happens at the metal centre during 
polymerisation. The Cn*RhMe3 system was chosen, because it is a slow catalyst and was 
described as a well-defined system, both of which are good qualities for mechanistic studies. It is 
generally believed that the requirement for polymerisation is a cationic metal centre with a 
coordinated alkyl chain and a vacant site where the monomer can coordinate. Flood conducted his 
polymerisation and protonation studies in coordinating and reactive solvents such as CH2Cl2, 
MeOH, H2O and THF and with coordinating anions (OTf 
- and BF4
-). This means that the 
complexes he used are neutral and lack the necessary vacant coordination site. Some kind of 
activation (most probably anion dissociation) is still required to obtain the actual active species. 
We wanted to identify and synthesise cationic complexes with weakly coordinating anions and 
study their chemical behaviour; coordinating solvents (mainly acetonitrile) were then used to trap 
these reactive, unsaturated complexes. The solvent is supposed to trap the active species as a 
coordinatively saturated and stable complex. Besides this mechanistic study we tried to improve 
the activity of this system by applying methods from early transition metal polymerisation 
catalysis, i.e. the use of non coordinating anions (BArF4
-) and solvents. Finally we used a related 
ligand (pmdta) to identify the special features that make Cn* facilitate olefin polymerisation on a 
rhodium centre. 
 
Results 
Protonation and methyl abstraction in coordinating solvents 
Addition of one equivalent of HBArF4 (HBArF4 = [H(OEt)2][B(3,5-(CF3)2C6H3)4])22 to a solution 
of Cn*RhMe3 in CD3CN leads to the selective formation of [Cn*RhMe2(NCCD3)]BArF4 
(4BArF4). In this case the anion is not coordinated to the metal centre as in the reaction with HBF4 
or HOTf. 4BArF4 does not seem to react with CD2Cl2. Flood reported chlorine abstraction from 
CD2Cl2 when the weakly coordinating anions OTf 
- and BF4
- were used in the mono- and 
dimethyl complexes. Apparently acetonitrile coordinates so tightly to the metal centre that the 
solvent cannot react with the complex. OTf - and BF4
- apparently coordinate more weakly than 
MeCN, leading to chlorine abstraction from CH2Cl2 by the coordinatively unsaturated 
Cn*RhMe2+ ion. We were not able to obtain crystals of 4BArF4 suitable for X-Ray diffraction, but 
Fooladi reported the structure of the BPh4 salt. Cn*RhMe3 was protonated in MeCN with HBF4, 
the anion exchanged for BPh4 and the crystals obtained by slow diffusion of ether into a 
dichloromethane solution (over nine months).23 The crystal structure resembles that of the starting 
material  in that both Cn* and the rest of the ligands as a group are forced together to give bond 
angles smaller than the ideal 90° for octahedral coordination, although the effect is smaller for the 
Me groups and MeCN than for Cn* (Figure 5). The difference in trans influence between Me and 
NCMe is reflected in the Rh-N distances. The two Rh-N bonds trans to the methyl groups are 
markedly longer than the one trans to acetonitrile. 
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Figure 5. X-ray structure of Cn*RhMe317,24, Cn*RhMe2(NCMe)+  and Cn*RhMe(NCMe)2 2+ 26. Selected 
bond lengths (Å) and angles (°) for Cn*RhMe3: Rh-N1 2.228, Rh-N2 2.211, Rh-N3 2.228, Rh-C1 2.044, 
Rh-C2 2.044, Rh-C3 2.082, N1-Rh-N2 80.20, N1-Rh-N3 80.00, N2-Rh-N3 80.20, C1-Rh-C2 87.22, C1-Rh-C3 
87.62, C2-Rh-C3 87.62. Corresponding values for Cn*RhMe2(NCMe)+: Rh-N1 2.2259(9), Rh-N2 2.0942(9), 
Rh-N3 2.2136(8), Rh-C1 2.0942(12), Rh-C2 2.0633(12), Rh-N4 1.9887(9), N1-Rh-N2 83.08(4), N1-Rh-N3 
80.95(4), N2-Rh-N3 82.84(4), C1-Rh-C2 86.08(5), C1-Rh-N4 88.33(4), C2-Rh-N4 87.04(5). Corresponding 
values for Cn*RhMe(NCMe)2 2+: Rh-N1 2.0596(90), Rh-N2 2.0518(88), Rh-N3 2.1864(65), Rh-C1 
2.0937(99), Rh-N4 2.0546(99), Rh-N5 2.0129(99), N1-Rh-N2 84.74(36), N1-Rh-N3 84.17(33), N2-Rh-N3 
83.29(32), C1-Rh-N4 88.27(44), C1-Rh-N5 87.96(44), N4-Rh-N5 86.06(40). 
Surprisingly, addition of two equivalents of HBArF4 to Cn*RhMe3 in CD3CN led to the same, 
monocationic dimethyl species found after the reaction with one equivalent of acid. Even adding 
up to six equivalents did not lead to a different product. In contrast to these results is a publication 
by Fooladi in which he claims to make the monomethyl complex in CH3CN by simple protonation 
with two equivalents of HBF4.25 Apparently, in this solvent the dimethyl species is stable against 
further protonation with HBArF4, but not with HBF4. The most probable explanation for this 
difference is that the more coordinating counterion BF4 competes with acetonitrile for the free 
coordination site generated upon loss of methane (Figure 6). In this neutral BF4 complex, the 
remaining methyl groups are more susceptible to protonation by another equivalent of acid. The 
structure of [Cn*Rh(NCMe)2Me](OTf)2 has even been published (see Figure 5).26
 
In addition to Brønsted acid activation, we studied Lewis acid (borane) activation of Cn*RhMe3.27 
Reaction of Cn*RhMe3 with one equivalent B(C6F5)3 in CD2Cl2 at room temperature led to the 
formation of several products. The characteristic doublet for the Rh-Me groups in 1H NMR 
shifted from -0.5 ppm in the starting material to 0.6-0.75 ppm in the products, indicating that 
several Cn*RhMe2 complexes were formed. In various experiments between two and four  
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Figure 6. Protonation of Cn*RhMe2 species. 
doublets were found in this range, varying in number and relative intensity between the 
experiments (Figure 7). The presence of more than one product indicates that besides (possibly) 
[Cn*RhMe2]+[MeB(C6F5)3]-, complexes were formed with an additional donor coordinated to the 
Rh centre. Possible candidates for X in these Cn*RhMe2X complexes are Cl, CD2Cl and C6F5; in 
addition one could envision the formation of dinuclear complexes with bridging methyls or 
chlorides. 
Subjecting the mixture to 20 bars of ethene did not lead to the formation of polyethene. The 1H 
NMR spectrum of the reaction mixture did indicate the presence of an allyl complex (as found by 
Flood for Cn*RhMe2+ species) among various other products. When the reaction with B(C6F5)3 
was performed at -78 °C, again two products were formed, but some starting material remained. 
Apparently, the reaction is slower at low temperature, but not more selective. 
Me(BC F )6 5 3
-
0.250.350.450.550.650.750.850.95
(ppm)
 
Figure 7. Representative 1H NMR spectra of the products of the reaction of Cn*RhMe3 and B(C6F5)3 in 
CD2Cl2 at room temperature; Rh-Me resonance area. 
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Performing the reaction in acetone-d6 in an NMR experiment led to the formation of two products 
(ratio 8:1). The major product was identified by NMR as a Cn*RhMe2 complex, presumably with 
acetone coordinated ([Cn*RhMe2(acetone)]MeB(C6F5)3; 5). 19F NMR spectroscopy indicated that 
the metal cation and the counterion formed a solvent separated ion pair.28 When performed on a 
larger scale, the reaction was less selective and during purification the products decomposed. 
Addition of up to four equivalents of B(C6F5)3 did not result in the formation of a mono methyl 
complex. The explanation is probably similar to that of the protonation in acetonitrile (the reaction 
was not investigated in the presence of a more coordinating anion, which might have resulted in 
the formation of mono methyl complexes). The lower reactivity of the acetone-trapped complexes 
probably also accounts for the increased selectivity of the reaction in this solvent.29
An alternative way to generate both the monomethyl and the dimethyl complex stabilised with 
acetonitrile, is a redox reaction described by Fooladi (Figure 8). He proposed that chemical 
one-electron oxidation of Cn*RhMe3 is followed by reductive elimination of ethane and 
coordination of an acetonitrile molecule. Radical-radical coupling with another oxidised molecule 
of Cn*RhMe3 would then lead to a dinuclear species, which upon attack by acetonitrile leads 
either to two molecules of Cn*RhMe2(NCCH3)+ or to Cn*RhMe(NCCH3)22+ and Cn*RhMe3. 
Cn*RhMe3
MeCN
Cn*RhMe(NCMe)+
Cn*RhMe3
+
Cn*Me2Rh RhCn*Me(NCMe)Me
Cn*RhMe3   +   Cn*RhMe(NCMe)2
2+
2 Cn*RhMe2(NCMe)
+
-C2H6-e
-
Cn*RhMe3
+
MeCN
2+
 
Figure 8. Redox reactions at Cn*RhMe3. 
Protonation in non-coordinating solvents 
We investigated whether methyl abstraction was possible in the absence of obvious additional 
donors. Protonation of Cn*RhMe3 with one equivalent of HBArF4 in the poorly-coordinating 
solvent C6D5Br yielded two major products (ratio 3 : 1) and two minor products. All these 
products are dimethyl complexes as can be concluded from their 1H NMR Rh-Me resonances 
(doublets between 0.68 and 0.33 ppm). One of these complexes may be the desired unsaturated 
complex Cn*RhMe2+, but it is more likely that some sort of saturation has taken place and only 
six-coordinated RhIII species were formed, for instance complexes with Et2O, EtOH or H2O 
(always present in HBArF4) or complexes with Br abstracted from the solvent. Even C-H 
activation and redox processes could play a role in the formation of the various products. Dimers 
with bridged Me groups are not likely to be formed, because no triplets for the bridging Me 
groups was found. Surprisingly, the one equivalent of acid did not convert all starting material. 
The 1H NMR spectra contained signals for Cn*RhMe3 accounting for 1/3 to 1/2 of all rhodium 
complexes. These results prove that methyl abstraction is possible in poorly coordinating solvents, 
although the resulting complex reacts easily with whatever is available. When ethene would be 
added to the mixture it may serve as sixth donor and subsequently insert into a Rh-Me bond and 
so start polymerisation. 
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When Cn*RhMe3 was reacted with two equivalents of HBArF4 in C6D5Br or C6D5Cl a dark brown 
oil separated from the solution and the supernatant did not show any clear signals attributable to 
Rh-Me species. When the oil was dissolved in CD3CN, 1H NMR indicated that at least five 
monomethyl species and two dimethyl species were formed. Still, some starting material was 
present. In accordance with the reasoning for the unreactivity of Cn*RhMe3 towards a second 
equivalent of acid in acetonitrile, two cationic dimethyl complexes may have been formed in 
these non-coordinating solvents (which would not react further), while the neutral dimethyl 
complexes would have been converted to highly reactive cationic monomethyl complexes (which 
would then stabilise themselves, for instance by reaction with the solvent). 
 
When the oil from C6D5Cl was dissolved in C6H5CF3 and this solution was left standing at -20 °C 
for three months, a few yellow crystals had formed. X-Ray diffraction showed that this is the 
monomethyl complex 2cBArF4 (2c = [Cn*RhMe(OH)(OH2)]+). 
C1
N2
N3
Rh
N1
O1a
O1
O2
O2a
H
2c (dimer)  
Figure 9. X-ray structure of [Cn*RhMe(OH)(OH2)]+.
30 Selected bond lengths (Å) and angles (°): Rh-N1 
2.204(3), Rh-N2 2.067(3), Rh-N3 2.065(3), Rh-O1 2.053(3), Rh-O2 2.055(3), Rh-C1 2.071(4), O1-O2a 
2.419(4), N1-Rh-N2 83.80(13), N1-Rh-N3 83.69(13), N2-Rh-N3 84.85(13), O1-Rh-O2 90.57(11). 
Although all the reactions were performed under inert conditions, (a small amount of) water must 
at some stage have been introduced to the mixture. In any case, this shows that the complex 
proposed by Flood as the active polymerisation catalyst in water actually exists and can be formed 
via protonation. As for [Cn*RhMe2(MeCN)]+,  the N-Rh-N angles are slightly smaller than 90°. 
The O-Rh-O angle on the other hand is exactly 90°. Again the trans influence of the Me group is 
reflected in the Rh-N distance opposite to the Me. This bond is nearly 0.15Å longer than the other 
two Rh-N distances. The O-O distance between two oxygens of different complexes is 2.419 Å, 
suggesting the presence of a hydrogen bridge. Thus, the complex is best described as consisting of 
hydrogen-bridged dimeric units, as shown in Figure 9. The monomer is the actual catalyst 
proposed by Flood for the polymerisation in water. However, when the supernatant fluid was put 
under 40 bar of ethene, no noticeable activity was observed. 
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Another solvent that is not likely to react or coordinate is toluene. When Cn*RhMe3 was reacted 
with two equivalents of HBArF4 in C6D5CD3, an oil separated. The 1H NMR spectrum of this oil 
(locked on residual C6D5CD3 dissolved in the oil) was broad and therefore unclear, but 13C NMR 
indicated that one product had selectively formed. Integration indicated that only one methyl 
group was coordinated to the rhodium atom and a symmetrical product had formed. When two 
drops of CH3CN were added to the mixture and the product washed and dried, more than one 
product was present according to 1H NMR. It was not clear whether the expected 
Cn*RhMe(CH3CN)22+ ion was among them, since the 1H NMR spectrum could not be interpreted. 
 
Polymerisation experiments with Cn*RhMe3
Calculations 
Because we were able to synthesise both di- and monomethyl complexes with non-coordinating 
counterions in non-coordinating solvents, albeit not selectively, we were interested in the reaction 
of these complexes with ethene. Flood reported that the monomethyl complex polymerises ethene, 
while the dimethyl complex after the first insertion rearranges to a Rh-allyl complex in CD2Cl2 
(Figure 10). 
Cn*Rh
CH3
CH3
Cn*Rh CH2CH2CH3
CH3
Cn*Rh
CH3
H
Cn*
Rh
Cn*
Cl
Rh
Cn*
H
Rh
-CH4
3  
Figure 10. Presumed formation of allylic complex. 
A series of DFT calculations (see experimental section for details) were performed to check the 
validity of the deactivation mechanism proposed by Flood. The reactions considered are shown in 
the energy diagram in Figure 11. Table 1 contains relative energies for all species involved. The 
results do not include zero-point-energy, thermal effects or solvation. 
 
The results demonstrate that the Flood mechanism is indeed very reasonable. The olefin binding 
energy of -14 kcal/mol of cationic dimethyl complex I is typical for a not-too-hindered 
coordinatively unsaturated cation. The insertion barrier of 17 kcal/mol is rather high, higher than 
those normally calculated for e.g. metallocenes (0-8 kcal/mol31) but comparable to the 
prototypical Brookhart diimine-palladium system (16-20 kcal/mol32). The product is stabilised by 
a strong β-agostic interaction; in fact, this is so strong that coordination of the next ethene 
monomer is barely exothermic (3 kcal/mol). The barrier for insertion of this second ethene is 
slightly lower than that for the first one (15 kcal/mol). 
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Figure 11. Energy scheme for deactivation of Cn*RhMe2+ with ethene. 
Table 1. Relative energies of species involved in deactivation of Cn*RhMe2+. 
Species  Erel (kcal/mol)
I Cn*RhMe2+ 0.0  
II Cn*RhMe2(C2H4)+ -14.4  
III Cn*Rh(Me)(Me..C2H4)+ 2.9  
IV Cn*Rh(Me)(C3H7)+ -28.0  
V Cn*Rh(Me)(C3H7)(C2H4)+ -30.7  
VI Cn*Rh(Me)(C3H7..C2H4)+ -15.6  
VII Cn*Rh(Me)(H..C3H6)+ -24.6  
VIII Cn*Rh(Me)(H)(C3H6)+ -26.9  
IX Cn*Rh(Me)(H)+ -5.7  
X Cn*Rh(Me..H)(C3H6)+ -10.7  
XI Cn*Rh(CH4)(C3H6)+ -24.3  
XII Cn*Rh(C3H6)+ -26.1  
XIII Cn*Rh(H..C3H5)+ -21.0  
XIV Cn*Rh(H)(C3H5)+ -36.7  
 
Instead of inserting a second monomer, propyl complex IV can undergo a nearly thermoneutral 
and virtually barrierless β-elimination. The resulting olefin-hydride complex VIII can then either 
lose the coordinated propene (∆E‡ = 21 kcal/mol), or first undergo reductive elimination of CH3 
and H to give XII (∆E‡ = 16 kcal/mol), followed by C-H activation of the coordinated propene to 
give allyl complex XIV (∆E‡ = 5 kcal/mol) as the final product. 
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In this picture, which does not contain entropy contributions, propagation (via VI) would still be 
favoured over reductive elimination (via X) by ca 5 kcal/mol. However, entropy disfavours 
reactions requiring capture of a gas-phase molecule by ca 10 kcal/mol. If this is taken into 
account, reductive elimination indeed becomes the preferred pathway.33 If we now compare the 
behaviour of this system to that of typical polymerisation catalysts, we see the following 
differences: 
- Propagation (III, VI) is relatively difficult, but not prohibitively so. 
- β-Elimination (VII) and C-H activation (XIII) are rather easy. 
- Reductive elimination, not possible for most ETM catalysts, is possible here (X). 
These factors cause the present system to “kill” itself quickly, but only because of the presence of 
two reactive metal-carbon bonds in the molecule. If we start with a monomethyl complex bearing 
an additional “innocent” ligand (F, OH, C2H4), insertion barriers are similar (Table 2) but the 
above deactivation pathway is obviously not available. The first step, β-elimination of the 
growing alkyl, is still possible, but this would at most lead to chain walking or to low molecular 
weights. Thus, it seems that using a dialkyl complex for polymerisation is “asking for trouble”, 
because it opens up additional deactivation pathways over those already available to a mono-alkyl 
species. Something similar has been observed in cationic TiIV dialkyls, where selective 
trimerisation competes with chain growth.34
 
Table 2. Olefin complexation and insertion energies for Cn*Rh(Me)(X) systems. 
System ∆Ecplx ∆E‡ins
Cn*RhMe2+ -14.4 17.3 
Cn*Rh(Me)(OH)+ -11.0 15.6 
Cn*Rh(Me)(F)+ -13.7 14.3 
Cn*Rh(Me)(C2H4)2+ -16.5 16.0 
Cn*RhMe2+ -21.5 10.0 
 
Experiments 
We performed polymerisation reactions with the mixtures obtained in the protonation 
experiments. The oil obtained from the reaction of Cn*RhMe3 with two equivalents of HBArF4 in 
C6D5Br was dried and dissolved in C6H5CF3. When the mixture was put under 40 bar of ethene 
pressure in a sealed autoclave, 1.86 g of polyethene was formed over a period of 15 hours. With 
the assumption that all starting material was present as the intended catalyst Cn*RhMe2+, the 
average activity was 2.5 kg·mol-1·h-1. Flood did not report his polymerisation results in CH2Cl2 in 
a way which allows comparison with this result, but we found 0.06 kg·mol-1·h-1 under similar 
conditions (see Table 3). 
We compared various reaction conditions for polymerisation experiments with Cn*RhMe3 as 
precatalyst as detailed in Table 3. A solution of HBArF4 in 2 ml solvent was added to a stirred 
solution of Cn*RhMe3 in 8 ml solvent under 40 bar of ethene pressure. The reactions were 
performed at “room temperature” (which varied a bit over the days). After addition of acid, the 
autoclave was sealed. The reaction was stopped after 15 hours and the formed polyethene was 
collected. Toluene is not included in the table, because the solubility of the rhodium complexes 
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was very low and hardly any polymer was formed. Since we used a Hastalloy autoclave we were 
not able to see whether or not an oil separated in C6H5Cl and C6H5Br as occurred in the absence 
of ethene. Observation of the pressure drop during the experiment showed that initially ethene 
uptake was fast. This did not continue until all ethene was consumed, but instead changed to a 
much slower uptake that continued for a long time. This indicates that at least two active species 
were present: one with a higher activity that deactivated rapidly and another that was long-lived, 
but had a lower activity. 
 
Table 3. Polymerisation results with Cn*RhMe3.
a
run Amount of 1 
(mmol) 
Counterion Solvent Equiv. 
acid 
T (K) Yield 
PE (g)
Turnover 
number 
Activity 
(kg·mol-1·h-1)
1 0.06 BArF4 C6H5Br 1 296 0.90 536 1.0 
2 0.06 BArF4 C6H5Br 1 302 1.24 738 1.4 
3 0.06 BArF4 C6H5Br 2 303 1.27 756 1.4 
4 0.12 BArF4 C6H5CF3 2 300 1.24 369 0.7 
5 0.06 BArF4 C6H5CF3 2 303 1.32 786 1.5 
6 0.03 BArF4 C6H5CF3 2 303 2.34 2786 5.2 
7 0.03 BArF4 C6H5CF3 2 296 1.76 2095 3.9 
8 0.015 BArF4 C6H5CF3 2 301 1.18 2810 5.2 
9 0.03 BArF4 C6H5Cl 2 299 2.24 2667 5.0 
10 0.3 BF4 CH2Cl2 2 298 0.26 31 0.06 
11 0.05 MeB(C6F5)3 CH2Cl2 1 rt 0 0 0 
12 0.04 (MAO-Me) C6H5Br 100 rt 0 0 0 
 a The reactions were performed in a sealed autoclave. The experiments were started by the addition of the acid 
under 40 bars ethene pressure and stopped after 15 hours. 
 
It is important not to use a too concentrated solution. From the experiments in C6H5CF3 it 
becomes clear that reducing the amount of catalyst from 0.12 to 0.06 to 0.03 mmol (run 4-6) 
results in a increase in activity of almost 2-fold per step. For 0.03 and 0.015 mmol (run 6 and 8) 
the activity is almost identical. Possibly, the amount of active species is higher at lower 
concentrations. This may be due to the formation of, for instance, dimers at higher concentrations. 
At lower concentrations dimers will not be formed so easily.35 In hindsight, the reactions in 
C6H5Br should also have been performed at lower catalyst concentration. 
Nevertheless, a remarkable result is obtained from these reactions. No difference in activity 
between activation with one and two equivalents of acid (run 2 and 3) was observed. Because of 
dimer formation we may easily be off by a factor 2 in activity, but from the protonation 
experiments described before we may conclude that the majority of the rhodium complexes is 
present as dimethyl complexes when only one equivalent of HBArF4 is used. According to Flood 
and our calculations the dimethyl complex should be transformed into an (inactive) allyl complex 
after the first insertion. This difference in activity should have been visible even if too high a 
concentration of precatalyst was used. It seems that under our conditions other reactions play a 
role. In Floods deactivation process, the final chloride abstraction from the solvent CD2Cl2 causes 
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the system to be really dead. In all preceding steps some form of reactivation may take place to 
reform a catalytically active species. The use of C6H5Br instead of CH2Cl2 may have reduced the 
rate of formation of the dead halide complex. 
Another aspect of these polymerisation reactions is that it seems that a drop in temperature by 
about 5° results in a drop of activity of about 25% (run 2-3 and 6-7). Although conclusions based 
on such small temperature differences are tentative, the trend seems consistent. Performing the 
reactions at a higher temperature might increase the activity even further, but those experiments 
were not performed. The highest activity obtained was 5.24 kg·mol-1·h-1 in C6H5CF3. A 
remarkable result is the fact that no activity was observed after reaction with MAO. MAO is used 
as universal activator and was not expected to be unable to activate a known precatalyst. On the 
other hand, it has been suggested that MAO is not the activator of choice for sterically more 
accessible and coordinatively more unsaturated metal cations, because of deactivation by 
coordination of X-MAO-.36
Run 10 was performed to obtain activity data for the activation method as used by Flood. From 
the data in Table 3, we conclude that the use of a non-coordinating anion and solvent leads to a 
100-fold increase in activity. 
 
Pmdta: an acyclic version of Cn* 
Pmdta (N,N,N’,N’’,N’’-pentamethyldiethylenetriamine) resembles Cn* in that both are 
tris(tertiaryamine) ligands with ethylene spacers between the nitrogens and methyl groups on 
nitrogen. The difference is that pmdta is acyclic. This means that it can coordinate both in a facial 
(fac) and in a meridional (mer) geometry. Moreover, dissociation of a single ligand “arm” to give 
κ2-coordination should be easier for pmdta than for Cn* (Figure 12). 
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Figure 12. Various coordination modes of pmdta. 
Pmdta has been used as a ligand before, but mainly with main group metals. (pmdta)PtCl,37 
(pmdta)FeCl238 and (pmdta)CoCl2
3
3
3
2
39 are examples of late transition metal complexes that have 
been structurally characterised. In our work, we wanted to use pmdta to investigate the relevance 
of the rigidity of Cn* on the reactivity of its RhMe  complexes. A difference between pmdta and 
Cn* is already apparent in the synthesis of the starting materials. The synthesis of Cn*RhMe  
involves two steps: complexation of the ligand to RhCl  and methylation with either MeLi or 
Me Mg. For pmdta a similar approach was chosen (Figure 13). 
(pmdta)RhMe3(pmdta)RhCl3x H2ORhCl3 + pmdta
MeLi
MeOH THF/Et2O
6 7  
Figure 13. Reaction steps towards the formation of (pmdta)RhMe3. 
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The reaction between RhCl3 and pmdta in MeOH is instantaneous at room temperature, whereas 
the complexation with Cn* needs refluxing in EtOH. In the synthesis of (pmdta)RhCl3 (6) in 
MeOH side products are formed that are soluble in MeOH; amounts depend on the reaction 
conditions. With an excess of pmdta in MeOH all of the product dissolves. Possibly, pmdta acts 
not only as a ligand but also as a base, forming methoxy complexes. This side reaction can mostly 
be suppressed by carrying out the reaction at high concentration. Unfortunately, purification of the 
pmdta complexes is very difficult. 6 hardly dissolves in any solvent we tested. It does dissolve in 
DMSO, but also reacts with this solvent to one or more unidentified products within a day. This 
prevents purification by crystallisation or column chromatography with this solvent. Attempts to 
extract the impurities from the product did not work either. It is not known what the impurities 
are, but they could not be avoided by changing the reaction conditions. Performing the reaction in 
THF did not result in pure 6, but crystallisation from the filtrate after isolation of the solid product 
yielded some crystalline (pmdta)RhCl3 suitable for x-ray diffraction (Figure 14). 
Rh
N1
N2
N3
Cl1
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Cl3
6  
Figure 14. X-ray structure of (pmdta)RhCl3.
40 Selected distances (Å) and angles (°): Rh-N1 2.130(4), 
Rh-N2 2.076(6), Rh-N3 2.130(4), Rh-Cl1 2.340(2), Rh-Cl2 2.3513(18), Rh-Cl3 2.371(2), N1-Rh-N2 
85.45(12), N1-Rh-N3 170.3(2), N2-Rh-N3 85.44(12), N2-Rh Cl2 178.19(18), Cl1-Rh-Cl2 89.75(8), Cl1-Rh-Cl3 
177.54(8), Cl2-Rh-Cl3 87.79(8). 
The structure clearly shows the meridional coordination of pmdta. The angles are close to those of 
a perfect octahedron. 
Methylation with MeLi again is much faster for (pmdta)RhCl3 than for Cn*RhCl3. The product, 
(pmdta)RhMe3 (7), is formed instantaneously from (pmdta)RhCl3 and MeLi and dissolves in 
almost any solvent. This reaction was found to have poor reproducibility, showing widely varying 
yields and purity of the product. Purification was prevented by the high sensitivity and reactivity 
of the product towards many solvents. Therefore, we have not been able to do more than a few 
quick tests of the reactivity of this complex. Changing to other reagents (LiCH2SiMe3 and 
MeMgBr) gave the same problems. One of the major problems in this reaction probably is the 
impurity of the starting material which complicates the reaction. (pmdta)RhMe3 was formed in all 
the reactions of MeLi and (pmdta)RhCl3. 1H NMR of (pmdta)RhMe3 in CD3CN showed one 
doublet at -0.33 ppm (J = 2.4 Hz) for all three Me groups and a small doublet at 0.11 ppm of 
impurity. The ligand showed one signal for all methyl groups on the terminal nitrogens and a 
separate signal for the Me at the central amine. It was not possible to interpret the signals of the 
ethylene groups. The impurity of the product probably was a dimethyl complex. 
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Reactivity of (pmdta)RhMe3
Not many RhIII tri-alkyl complexes are known. Several examples with triazacyclononane ligands 
have been published by Flood.17,19 He also published a related complex with a facial coordinating 
triphosphine ligand. Hay-Motherwell has reported a series of RhIII alkyl complexes, including two 
trimethyl complexes stabilised with a diamine ligand (tmeda) and an additional donor.41
Me(N)
NCH2
free pmdta
impurity
Me(Rh)
193 K
213 K
233 K
258 K
298 K
3.00 2.75 2.50 2.25 2.00 1.75 1.50 1.25 1.00 0.75 0.50 0.25 0.00
(ppm)  
Figure 15. Variable-temperature 1H NMR spectra of 6 in toluene-d8. 
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To gain some insight into the chemistry of (pmdta)RhMe3 and at least make some comparison 
with Cn*RhMe3, we performed several reactions that were also used in the Cn* research and 
examined the 1H NMR spectrum of (pmdta)RhMe3 closely. This spectrum had several interesting 
features. 
 
VT NMR experiments on (pmdta)RhMe3 
At room temperature, the 1H NMR spectrum of (pmdta)RhMe3 in toluene-d8 (Figure 15, top) 
shows only a single type of Me(Rh) group; the pmdta ligand shows four different resonances for 
the ethylene protons, and two methyl peaks in the ratio 4:1. Clearly, this implies some kind of 
fluxionality. Three identical Me(Rh) groups can not be present in a complex where pmdta is 
coordinated meridionally. Therefore, the spectra are interpreted with the assumption that pmdta is 
coordinated facially. Calculations described in the next section support this assumption. On 
cooling, one can observe at least two distinct dynamic process which occur in different 
temperature ranges. Before discussing the spectra in detail, it is useful to consider the possible 
rearrangements of the complex. We consider the following four to be the most reasonable ones:42
a Dissociation of a pmdta “arm”. 
NN N
MeMe Me
NN
MeMe Me
N
 
In itself, this does not cause any NMR-observable “exchange” processes. However, it is a 
prerequisite for the next two processes. In principle, it is even possible that the κ2 structure 
is more stable than the κ3 structure. 
b Inversion of the amine group of a dangling arm. 
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The inversion of tertiary amines is too fast to be frozen out (Ea < 7 kcal/mol) unless the 
amine is part of a strained cyclic system or bears strongly electron-withdrawing groups. In 
the present case, one would always expect fast inversion as soon as an arm gets detached, 
resulting in exchange of the terminal Me(N) groups. 
c 3 vs 2 rotation or pseudorotation of the RhMe3 fragment relative to a κ2-coordinated 
ligand. 
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Two of these rotations are needed to arrive back at the starting situation, effectively causing 
exchange of the Rh-bound Me groups. 
d δ/λ isomerisation of the 5-membered rings of the pmdta ligand. 
Me
Me
Me N
N
N M
Me
Me N
N
N e
 
Such isomerisation is usually very fast for unsubstituted ethylenediamine ligands.43 For 
alkylated derivatives like tmeda, it is slow enough to be frozen out.44 The geometric 
constraints caused by the bicyclic chelate structure might increase or decrease this barrier. 
 
From the room-temperature equivalence of the Me(Rh) groups, we can already conclude that both 
a and c must be fast. Similarly, the fact that all terminal Me(N) groups are equivalent implies that 
both a and b are fast. Since arm dissociation provides an alternative δ/λ exchange mechanism, we 
cannot say anything at this point about δ/λ isomerisation within the coordination sphere. 
On cooling to -40 °C, the Me(Rh) signal broadens, then splits into two new signals in the ratio 
2:1. This implies that reaction c no longer occurs. The reason can either be that c itself has been 
frozen out, or that a has been frozen out, in which case the equilibrium must be on the side of the 
κ3 structure, because then the κ2 structure necessary for c can no longer be reached. Over the same 
temperature range, the Me2N signal broadens and then splits into two new singlets of equal height. 
If reaction a were still fast at -40 °C, all terminal Me(N) groups would have remained equivalent. 
Therefore, we conclude that over the temperature range of 25 to -40 °C it is reaction a, the Rh-N 
dissociation, which is frozen out, and that - at least at low temperature - the equilibrium lies on the 
side of the κ3 structure. From the Eyring plot we obtain the activation parameters ∆H‡ = 23±3 
kcal/mol, ∆S‡ = +41±11 cal/mol·deg; the large positive entropy of activation is compatible with a 
dissociation step. 
On further cooling to -80 °C, the unique Me(N) signal and the unique Me(Rh) signal remain 
sharp, but all other signals broaden and then start to split into two equal components. The only 
reasonable explanation for this seems to be that now the δ/λ equilibrium d is being frozen out, and 
that it lies on the side of rac (δδ or λλ) rather than the meso (δλ) form, since the latter would still 
have an effective mirror plane. The activation parameters obtained from the Eyring plot for this 
process are ∆H‡ = 6.8±0.3 kcal/mol, ∆S‡ = -11±1 cal/mol·deg; the relatively low entropy of 
activation suggests that the transition state is not much more ordered than the ground state, which 
would be expected for this type of isomerisation. The free energy of activation at -38 °C 
calculated from these values (9.0 kcal/mol) is very similar to the value of 10.1 kcal/mol deduced 
by Evans from the coalescence temperature of (tmeda)Pr(fod)3.  
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Theoretical studies of “N2”RhMe3 and “N3”RhMe3 complexes 
In order to understand the behaviour of (pmdta)RhMe3 and compare it with its cyclic analogues 
CnRhMe3 and Cn*RhMe3, we have calculated the structures and energies of various “N2”RhMe3 
and “N3”RhMe3 complexes using DFT methods. Unfortunately, we find that DFT, for reasons that 
we have yet to elucidate, strongly underestimates the strengths of the Rh-amine bonds in these 
complexes. This is illustrated by the data in Table 4, which compares calculated and observed 
bond lengths for a few Cn and Cn* chloride and alkyl complexes. 
Table 4. Calculated and observed bond lengths (Å) for Cn(*)MX3 complexes. 
Calc. complex M-X M-N Expt. complex M-X M-N ∆(M-N) 
(calc-expt) 
CnRhCl3 2.365 2.107 CnIrCl345 2.383 2.058 +0.049 
CnRhMe3 2.049 2.268 CnRhEt3 2.050 2.200 +0.068 
Cn*RhMe3 2.048 2.349 Cn*RhMe3 2.057 2.222 +0.127 
 
The M-Cl and M-CH3 bond lengths are rather accurate, but the calculated M-N bonds are too 
long. More importantly, the response of the Rh-N bond length to the Cl→Me and Cn→Cn* 
substitution is too strong, which is characteristic for such an underestimation. 
Another indication for this problem comes from the calculated energy difference between (κ3-
pmdta)RhMe3 and its κ2-analogue. 
Table 5. Calculated κ2/κ3 energy differences (kcal/mol) for (pmdta)RhMe3. 
Level ∆E (κ2-κ3) 
RI-bp86/SV(P) 2.1 
b3lyp/TZVP 1.4 
HF/SV(P) -0.4 
RI-MP2/SV(P) 11.9 
 
Table 5 lists these differences calculated at various levels. For DFT, neither functional nor basis 
set seems to be important, but the results differ strongly from those obtained from MP2. The 
numbers should be compared with the experimental ∆H value of ca 23 kcal/mol deduced from 
VT-NMR studies. The error margin in the experimental value is high, but a value of ca 2 kcal/mol 
as predicted by DFT is clearly incompatible with the observed coalescence behaviour. We 
tentatively conclude that DFT cannot be relied upon to give accurate predictions for steps 
involving Rh-amine dissociation. Taking this into account, we can still draw some useful 
conclusions from the calculations (summarized in Table 6). 
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Table 6. Relative energies (kcal/mol) for conformers and isomers of “N2RhX3” and “N3RhX3” complexes. 
  Erel
Species Structure RhMe3 
complex 
RhCl3 complex
(en)RhX3 fac (0) (0) 
 3vs2 rotation TS 6.1 16.9 
 δ/λ TS 7.5  
(tmeda)RhX3 fac (0) (0) 
 3vs2 rotation TS 5.4 16.7 
 δ/λ TS 9.7  
(dta)RhX3 fac, rac (0) (0) 
 fac, meso -0.4  
 fac, κ2 7.9 26.7 
 mer 12.1 -12.1 
(pmdta)RhX3 fac, rac (0) (0) 
 fac, meso 1.5  
 fac, κ2 1.4 14.0 
 mer 23.5 -9.3 
CnRhX3 κ3 (0) (0) 
 κ2 8.1 26.4 
 3vs3 rotation TS 22.3  
Cn*RhX3 κ3 (0) (0) 
 κ2 10.8 29.8 
 3vs3 rotation TS 22.7  
 
We uniformly find the δδδ/λλλ conformation for these ligands. This is also the conformation 
usually observed experimentally. The only relevant exception seems to be Cn*RhMe3, which lies 
on a crystallographic mirror plane and has two approximate (not crystallographically imposed) 
mirror planes, leading to effective C3v symmetry (see Figure 5). However, the abnormally short 
C-C bonds of the ethylene groups indicate a disorder problem. The most likely explanation is that 
the structure is the result of a 50:50 population of δδδ and λλλ conformers. 
The open ligands dta (dta = diethylenetriamine) and pmdta can occur as either mer or fac isomers. 
For dta, both types of structures are frequently encountered. For pmdta, only four octahedral 
transition metal complexes have been structurally characterized.46 Three of those have a fac 
structure. Only (pmdta)RhCl3 has a mer structure. Indeed, we calculated the mer structure to be 
lower in energy for the trichlorides, whereas for the trimethyls the fac arrangement should be 
preferred. In the fac arrangement, rac and meso conformations are close in energy. We calculated 
the rac conformation to be preferred for pmdta; the above-mentioned octahedral pmdta complexes 
all have rac conformations. 
Amine dissociation (reaction a in the previous section) is calculated to be relatively easy. In fact, 
if entropy were to be taken into account, our results would put (κ2-pmdta)RhMe3 below the κ3 
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isomer.47 As noted above, this is probably incorrect, at least at low temperature. Once an amine 
arm has dissociated, 3vs2 (pseudo)rotation (reaction c) is easy, with a calculated barrier of ca 6 
kcal/mol for (en)RhMe3 and (tmeda)RhMe3; this estimate is probably also a bit too low. However, 
the alternative mechanism involving 3vs3 rotation within the 6-coordinate structure can be ruled 
out. For CnRhMe3 and Cn*RhMe3, this would already cost over 20 kcal/mol; for pmdta as ligand, 
an amine dissociates first. 
We have only checked reaction d for (en)RhMe3 and (tmeda)RhMe3. The resulting barriers (8 and 
10 kcal/mol) show the expected trend; the latter is reasonably close to the one measured for 
Pr(fod)3(tmeda). Since the rac and meso forms of both (dta)RhMe3 and (pmdta)RhMe3 are close 
in energy (within 2 kcal/mol), the conformation of one ring apparently does not have a large effect 
on the other one. Hence, one would also not expect a large effect of one ring on the isomerisation 
barrier of the other one and (pmdta)RhMe3 should have δ/λ barriers similar to (tmeda)RhMe3. The 
calculated slight preference for a rac conformation of (pmdta)RhMe3 and the estimated 
isomerisation barrier of 6-10 kcal/mol (resp. from ref 43 and Table 6) agree well with the 
activation parameters for the low-temperature fluxional process detected by NMR and support its 
assignment as δ/λ isomerisation. 
In our calculations, the “arms” of pmdta are more weakly bound than the nitrogens of cyclic Cn 
ligands. This is not an entropy effect, since the above energies do not include entropy 
contributions. Rather, Cn type ligands are so strongly pre-organized that it costs energy to avoid 
coordination, whereas dta type ligands are much more flexible. Peralkylation of amine donors 
generally weakens their donor strength for steric reasons. For Cn/Cn*, however, this effect is not 
observed because the resulting κ2 structure is even more destabilized by peralkylation than the κ3 
structure. The situation is completely different for dta, where peralkylation not only increases 
steric repulsion between the amine donor and the metal fragment, but also between the two 
“arms” of the pmdta ligand in the κ3 structure. Therefore, peralkylation significantly reduces the 
tendency of the dta ligand to be κ3-coordinated. 
 
From the VT NMR experiments on (pmdta)RhMe3 it became clear that the ligand is κ3 
coordinated at low temperatures, but the calculations indicate a small difference between κ2 and 
κ3 coordination in (pmdta)RhMe3. This might indicate that the use of a dinitrogen donor ligand 
might be sufficient to obtain five-coordinated RhIIIMe3 complexes. Hay-Motherwell reported the 
structure of two of these complexes and both have an additional (strong) donor. They form 
octahedral complexes with the three methyl groups in a fac coordination. In the absence of the 
additional donor such complexes indeed might exist as five-coordinated complexes. 
 
Protonation of (pmdta)RhMe3
After the reaction of (pmdta)RhMe3 with one equivalent HBArF4 in CD3CN in an NMR 
experiment, the signal at -0.33 ppm had gone and two new signals had appeared at 0.58 and 0.63 
ppm (Figure 16). A signal at 0.11 ppm was still present. The acid clearly reacted with the methyl 
groups at rhodium and most likely RhMe2 species were formed. The change in shift for the signals 
corresponds to that found in Cn* complexes with various numbers of Me groups. It was not clear 
whether the impurity of the starting material remained in the mixture after the reaction or that it 
had reacted to a new product and the signal at 0.11 was for a product newly formed from the 
trimethyl starting material. When an additional equivalent of acid was added to the same mixture,  
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Figure 16. Part of the 1H NMR spectra of (pmdta)RhMe3 in CD3CN with 0 (a), 1 (b), 2 (c) and 3 (d) 
equivalents of HBArF4. 
all previously described signals had disappeared and a single new doublet was observed at 0.83 
ppm. We believe this to be a rhodium monomethyl complex. This is in contrast to the reactivity of 
Cn*RhMe3 where we were not able to abstract more than one methyl group with HBArF4 in 
CD3CN. In a separate experiment three equivalents of HBArF4 were added to (pmdta)RhMe3 in 
CD3CN. Again all signals from the starting material were gone and two new doublets were visible 
at 0.84 and 0.86 ppm, indicating that two monomethyl complexes had formed. In all of these 
reactions, the ligand CH2 and NCH3 signals were not clear enough to be interpreted. 
 
Encouraged by the observations of di- and even mono-methyl species, we decided to test 
(pmdta)RhMe3 in polymerisation. When a suspension of the complex in C6D6 was saturated with 
ethene in the absence of acid, most of the starting complex remained intact and no polymer was 
formed, but a strong increase in intensity of the signal at 7.2 ppm indicated some form of H/D 
scrambling between C6D6 and ethene. In the presence of acid, no polymerisation was observed. 
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Conclusions 
Literature results suggest that the reaction of Cn*RhMe3 with one or two equivalents of acid 
cleanly produces di-methyl and mono-methyl complexes, respectively. In addition to these results, 
we now find that the outcome of this protonation depends strongly on the reaction conditions 
(counterion, solvent). When cationic dimethyl complexes can coordinate an anion available in the 
mixture tightly, the complex can undergo a second protonation. When, on the other hand, no 
coordinating anion is present and the complex is stabilised by a neutral ligand (for instance 
acetonitrile), the complex is stable against further protonation. This indicates that neutral 
complexes are more susceptible to protonation than cationic complexes. If Cn*RhMe3 is 
protonated with HBArF4 in the absence of additional donors the product is so reactive that it reacts 
with whatever it encounters to form stable six-coordinated complexes. The fact that monomethyl 
species are formed upon protonation with two equivalents of HBArF4 in C6H5Br or C6H5Cl 
suggests that besides some stabilised cationic dimethyl species, also neutral products are formed.  
The protonation reaction is more selective in a better coordinating solvent (acetonitrile), than in a 
non coordinating solvent, but then no monomethyl species are formed. 
 
The polymerisation activity reported by Flood could be improved by using non-coordinating 
counterions and solvents, as might be expected from results with early transition metal 
polymerisation catalysts. The system appears to be more complex than originally reported by 
Flood. This is apparent both from the concentration dependence of the activity and from the decay 
curve which suggests the presence of several active species. 
Surprising is the finding that Cn*RhMe3 can not be activated with MAO. 
 
The dramatic difference in behaviour between pmdta and Cn* complexes of rhodium emphasises 
the special character of the Cn* ligand. Despite the absence of polymerisation activity, the high 
reactivity of (pmdta)RhMe3 is intriguing and deserves further study. 
 
Experimental 
All calculations were carried out with the Turbomole program48 coupled to the PQS Baker 
optimiser.49 Geometries were fully optimised as minima or transition states at the bp8650/RIDFT51 
level using the Turbomole SV(P) basisset on all atoms (pseudopotential basis on Rh); final 
energies were then obtained from single-point calculations at the b3-lyp level52 using a TZVP 
basis and a fine (“m4”) integration grid. Zero-point energy (ZPE) and thermal corrections were 
not included. 
 
Eyring plots were obtained by plotting 1/T against ln(k/T). Rate k was obtained by fitting the 
spectra using gNMR 5.0.53
 
All reactions were performed under a nitrogen atmosphere using standard Schlenk techniques or 
in a dry-box. 
Solvents were degassed and/or distilled from appropriate drying agents prior to use. 
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Ethylene polymerisation experiments were performed in a Hastalloy stainless steel 100 ml 
autoclave. 
 
NMR-spectra were recorded on Bruker DPX-200, AC-300, WM-400, AM-500 or Varian Inova 
400 spectrometers. Chemical shifts are listed in ppm with tetramethylsilane (0 ppm) as external 
reference for 1H and CF3COOH (0 ppm; -76.55 ppm relative to CFCl3) for 19F. 
FAB+-MS spectra were recorded on a VG 7060E instrument. m-Nitrobenzylalcohol was used as a 
matrix for FAB mass spectroscopy. 
 
[Rh(µ-Cl)(C2H4)2]2,54 Cn*RhMe3, HBArF4 and B(C6F5)355 were prepared according to literature 
procedures. 
 
 
[Cn*RhMe2(NCMe)]BArF4 (4BArF4) 
A solution of 120 mg (0.12 mmol) HBArF4 in CD3CN was added to a solution of 38 mg (0.12 
mmol) Cn*RhMe3 in CD3CN at -40 °C. The yellow solution was stirred for 15 minutes at -40 °C, 
slowly warmed up to room temperature and NMR spectra were measured. 
1H NMR (400 MHz, CD3CN, 298 K) δ = 7.70 (s, 8H, BArF4 o-H), 7.67 (s, 4H, BArF4 p-H), 2.93-2.90 
(m, 4H, N-CH2-CH2-N), 2.78-2.75 (m, 8H, 2 N-CH2-CH2-N), 2.69 (s, 6H, 2 N-CH3), 2.40 (s, 3H, 
N-CH3), 0.33 (d, 6H, J(Rh-H) = 2.1 Hz, Rh-(CH3)2). 
13C NMR (100 MHz, CD3CN, 298 K) δ = 66.2 (CH2), 63.1 (CH2), 58.7 (CH2), 51.1 (N-CH3), 49.1 
(N-CH3). 15.6 (Rh-CH3). 
FAB+-MS (CH2Cl2): m/z 348 [(Cn*)Rh(Me)2(CD3CN)]+, 304 [(Cn*)Rh(Me)2]+. 
 
[Cn*RhMe2(acetone)]MeB(C6F5)3 (5) 
22 mg (0.05 mmol) B(C6F5)3 was added to a solution of 14 mg (0.05 mmol) Cn*RhMe3 in 
acetone-d6 at room temperature. 
1H NMR (200 MHz, acetone-d6, 298 K) δ = 3.23 (s, 4H, NCH2), 2.95 (m, 8H, NCH2), 2.66 (s, 6H, 
NCH3), 2.39 (d, 3H, J = 1.8 Hz, NCH3), 0.66 (d, 6H, J(Rh-H) = 2.4 Hz, Rh(CH3)2), 0.54 (br, 3H, 
BCH3). 13C NMR (75 MHz, acetone-d6, 298 K) δ = 149.3, 146.2, 138.5, 137.4, 135.3, 134.2, 62.9, 
57.4, 54.5, 51.0, 47.1, 0.38 (d, J(Rh-C) = 30.6 Hz, Rh(CH3)2). 19F NMR (282 MHz, acetone-d6, 
298 K) δ = -54.8 (d, 6F, J(F-F) =19 Hz, o-F), -87.8 (t, 3F, J(F-F) = 21 Hz, p-F), -90.3 (t, 6F, 
J(F-F) = 19 Hz, m-F). 
 
Protonation of Cn*RhMe3 in bromobenzene 
1 equiv. acid: A solution of 30 mg (0.03 mmol) HBArF4 in C6D5Br was added to a solution of 10 
mg Cn*RhMe3 (0.03 mmol) in C6D5Br at -25 °C. The light yellow solution was stirred for 15 
minutes at -25 °C and slowly warmed up to room temperature. 1H NMR spectroscopy indicated 
that, besides starting material, two main products were present in a 1:3 ratio. Both products were 
dimethyl species. The reaction was carried out twice with comparable results. 
1H NMR (200 MHz, C6D5Br, 298 K) δ = 8.21 (s, 8H, BArF4 o-H), 7.60 (s, 4H, BArF4 p-H), 
2.60-2.83 (br, NCH2, NCH3), 0.68 (d, J(Rh-H) = 2.3 Hz, Rh(CH3)2 minor), 0.33 (d, J(Rh-H) = 2.1 
Hz, Rh(CH3)2 major), -0.09 (d, J(Rh-H) = 2.6 Hz, Rh(CH3)3). 
2 equiv. acid: A solution of 59 mg (0.06 mmol) [H(OEt2)2]B(ArF)4 in C6D5Br was added to a 
solution of 9 mg [(Cn*)Rh(Me)3] (0.03 mmol) in C6D5Br at -25 °C. The light yellow solution was 
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stirred for 15 minutes at -25 °C and slowly warmed up to room temperature. At room temperature 
brown oil was formed. After removal of the remaining solution, the oil was dissolved in CD3CN. 
1H NMR spectroscopy indicated that at least five monomethyl species and two dimethyl species 
were formed. Some starting material still remained. 
1H NMR (200 MHz, CD3CN, 298 K) δ = 1.84 (d, J(Rh-H) = 2.4 Hz, RhCH3), 1.74 (d, J(Rh-H) = 
2.4 Hz, RhCH3), 1.67 (d, J(Rh-H) = 2.4 Hz, RhCH3), 1.51 (d, J(Rh-H) = 2.4 Hz, RhCH3), 1.39 (d, 
J(Rh-H) = 2.1 Hz, RhCH3), 0.40 (d, J(Rh-H) = 2.4 Hz, Rh(CH3)2), 0.33 (d, J(Rh-H) = 2.1 Hz, 
Rh(CH3)2), -0.53 (d, J(Rh-H) = 2.4 Hz, Rh(CH3)3). 
 
Protonation of Cn*RhMe3 in toluene 
A suspension of 790 mg (0.78 mmol) HBArF4 in toluene-d8 was added to a suspension of 125 mg 
(0.39 mmol) Cn*RhMe3 in toluene-d8 at -78 °C. Stirring for 3 hours caused the separation of a 
dark brown oil. Interpretation of the 1H NMR spectrum of the oil was not possible since all peaks 
were very broad. 
13C NMR (50.33 MHz, DMSO-d6, 298 K) δ = 64.09, 61.61, 54.52 (s, NCH2), 52.67, 47.18 (s, 
NCH3), 10.24 (d, J(Rh-C) = 24.0 Hz, RhCH3). 
 
Polymerisation experiments 
8 ml of a solution of Cn*RhMe3 and 2 ml of a HBArF4 solution were put in separate 
compartments of a nitrogen filled autoclave, using Schlenk techniques. The autoclave was then 
filled with 40 bar of ethene and the valve between the two compartments opened, so that the 
HBArF4 solution was added to Rh complex. The autoclave was sealed and the mixture stirred for 
15 hours at room temperature. The vessel was depressurised and any polymer formed was 
collected, washed with a MeOH/HCl mixture and dried in vacuo. 
 
(pmdta)RhCl3 (6) 
To a suspension of 0.50 g (1.9 mmol) RhCl3·3H2O in 10 ml EtOH 0.45 ml (0.36 g; 2.1 mmol; 1.1 
equiv.) pmdta in 5 ml EtOH was added very slowly. The orange-brown product was isolated by 
filtration and drying in vacuo (0.48 g; 1.3 mmol; 66% yield). 
1H NMR (400 MHz, DMSO-d6, 298 K) δ = 4.31 (dt, J = 4.03, 12.90 Hz, 2H), 3.40 (dt, J = 3.71, 
13.88 Hz, 2H), 2.79 (dd, J = 3.90, 13.88 Hz, 2H), 2.78 (s, 6H, NMeMe), 2.70 (s, 6H, NMeMe), 
2.66 (s, 3H, NMe), 2.59 (dd, J = 3.71, 12.50 Hz, 2H) 
13C NMR (50 MHz, DMSO-d6, 298 K) δ = 67.1 (2 CH2), 60.6 (2 CH2), 56.3 (2 NMeMe), 55.6 
(2 NMeMe), 46.8 (NMe). 
 
(pmdta)RhMe3 (7) 
0.41 ml ( 0.65 mmol; 1.67 equiv.) 1.6 M MeLi in Et2O was added to a suspension of 50 mg (0.13 
mmol) (pmdta)RhCl3 in 2 ml THF at room temperature. after 30 min., the reaction was quenched 
by the dropwise addition of a THF/water mixture (containing a very small amount of water) and 
dried under reduced pressure. The residu was extracted with 5 ml toluene and the resulting yellow 
solution dried in vacuo. Depending on the purity of the product, a light yellow to dark brown solid 
was obtained. 
1H NMR (500 MHz, toluene-d8, 298 K) δ = 2.17 (s, 3H, NMe), 2.13 (m, 2H, CH2), 2.02 (s, 12H, 
NMe2), 2.00 (m, 2H, CH2), 1.93 (ddd, J = 3.01, 7.06, 13.86 Hz, 2H, CH2), 1.77 (ddd, J = 3.01, 
7.85, 13.19 Hz, 2H, CH2), 0.18 (d, J = 2.34 Hz, 9H, RhMe3). 
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Activation of rhodium olefin complexes 
 
Introduction 
It is generally believed that the requirements for an efficient transition metal catalyst for olefin 
polymerisation are: 
- a metal-bound alkyl group (growing chain) 
- a vacant site cis to this chain 
- an electrophilic metal centre (often cationic) 
Early transition metal complexes are widely used as polymerisation catalysts. It is known that late 
transition metals usually give rapid β-H elimination, thus preventing the formation of high 
molecular weight polymers. However, several examples are now known of efficient 
polymerisation catalysts based on late transition metals. 
Catalytically active species for olefin polymerisation are commonly generated by creating an 
empty site cis to a pre-formed metal-alkyl or metal-hydride bond. This is standard procedure for 
early transition metals and is also used for the activation of Ni/Pd diimine catalysts1 and for the 
polymerisation with Cn*RhMe3 studied in the previous chapter. 
In the present chapter, we attempt to generate active metal alkyls via an alternative route: 
protonation of metal-olefin complexes (Figure 1). In one step, this reaction 
- generates a metal-bound alkyl 
- creates an empty coordination site 
- increases the oxidation state of the metal by 2, thus making it more electrophilic 
+
NxMn
H+
NxM(n+2)
 
Figure 1. Protonation of ethene complexes. 
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Approach 
We chose as starting point cationic N-donor rhodium(I) ethene complexes because of the 
knowledge present in our laboratory of these complexes and because they are often easily 
synthesised. Due to of the expected reactivity of the unsaturated protonation products, we planned 
to trap them as stable complexes by adding additional donors to the reaction mixture. The easiest 
way to do that is to use a solvent that can also act as a Lewis base, for instance acetonitrile. 
However, generally cationic alkyls in a coordinating solvent are unlikely to lead to 
polymerisation. Therefore, in a few cases we also attempted to generate the alkyls in the absence 
of additional donors. 
 
Protonation of metal-olefin complexes can initially occur at the metal as well as at the olefin. In 
fact, the two possible products (unsaturated alkyl and hydride olefin complex) are usually in rapid 
equilibrium. For the purpose of polymerisation, the distinction is not very important. 
Instead of protonation, olefin complexes can also be activated by using strong Lewis acids like 
B(C6F5)3.2 Attack of the acid on the coordinated ethene leads to formal oxidation of the metal 
centre and the formation of a zwitterionic metal-alkyl complex. 
With neutral N-donor ligands, both of these types of reactions give rise to di-cationic Rh 
complexes which are expected to be very reactive. To reduce the charge and therefore hopefully 
the reactivity of the alkyls, we also studied some anionic ligands. We were interested in the 
difference in stability and reactivity between the cationic and neutral rhodium ethene complexes. 
Finally, oxidative addition of an alkyl-halide to a RhI ethene complex should give a RhIII alkyl 
ethene complex. Abstraction of the halide again leads to an unsaturated cationic alkyl complex. 
Because Brookhart showed that Pd catalysts are able to incorporate functionalised olefins into the 
polymer chain,3 we also investigated the chemistry of Rh methyl acrylate (MA) complexes. 
Several mass spectrometric studies of the behaviour of rhodium olefin complexes in the gas phase 
have been performed and will be discussed at the end of this chapter. 
 
Results 
Synthesis of ethene complexes 
Me-dpa 
[(Me-dpa)Rh(C2H4)]BPh4 (1BPh4; Me-dpa = N-methyl-N,N-di(2-pydidylmethyl)amine) was 
synthesised according to literature procedures.4
 
Bn-dpa 
[(Bn-dpa)Rh(C2H4)]BArF4 (2BArF4; Bn-dpa = N-benzyl-N,N-di(2-pydidylmethyl)amine) was 
obtained from Bn-dpa and [(C2H4)2RhCl]2 in MeOH at -78 °C after the addition of NaBArF4, 
filtration and precipitation with hexane (Figure 2). Similarly, 2BPh4 could be synthesised. 
 46
Activation of rhodium olefin complexes 
N
N
N
Rh
N
N
N
1) [Rh(C2H4)2Cl]2
    MeOH, -78 °C
Bn-dpa
+
2
BArF4
2) NaBArF4
    - NaCl
 
Figure 2. Synthesis of [(Bn-dpa)Rh(C2H4)]BArF4. 
Tp* - 
 Tp* - (tris(3,5-dimethyl-1-pyrazol-1-yl)hydroborate) is an anionic ligand with strictly facially 
coordinating properties. (Tp*)Rh(C2H4)2 (3) was synthesised according to literature procedures.5
 
app- 
Another anionic ligand used was app- (app- = N-(2-pyridyl-methyl)-N-(2-pyrrolate)amine), first 
described by De Bruin (see Figure 3).4 
To use this anionic ligand, neutral appH had to be deprotonated. LDA did react with the ligand, as 
was concluded from different shifts and splitting pattern in 1H NMR, but subsequent reaction with 
[(C2H4)2RhCl]2 resulted in the clear formation of a complex with only the app
- coordinated and no 
additional olefin or other ligand. The nature of this complex was not clear. 
As an alternative route, we decided to first complex the neutral ligand with Rh and then abstract 
the proton from the ligand after complexation. In MeOH, reaction of appH with [(C2H4)2RhCl]2 
selectively gave one product which, according to 1H NMR, contained one ethyl group per app 
ligand. The ethyl CH3 triplet was found at 0.43 ppm. 
Et
N
N
H
NH
Rh
Cl
Cl
Rh MeOH
N
N
N
H
RhIII
H
+
+
appH
N
RhN
N N
RhCl
Cl N
N
Et
4
 
Figure 3. Formation of (app)Rh(ethyl).6
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The CH2 signals of the ethyl group were not identified, but may well overlap with the ligand 
methylene signals. Because of the chirality of the molecule, all methylene signals are complicated 
multiplets and the quality of the spectrum (Figure 4) was not good enough to allow a definite 
assignment. The simplest way of obtaining a coordinatively saturated product from this reaction 
would be formation of a chloride-bridged dimer (Figure 3). Formation of the ethyl group results 
from net transfer of the pyrrole hydrogen to the coordinated ethene molecule. 
1
9
11
6,7,8 2,3
4,5,10
DMSOH O2
CH Cl2 2
1
2 3
4
5
6
7
8
9
10
11
8.5 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
(ppm)
N
RhX
N
N
X
 
Figure 4. 1H NMR spectrum of (app)Rh(ethyl)X2 in DMSO-d6. 
After the product was heated in toluene in an attempt to dissolve it, it turned out to contain two 
ethyl species of approximately equal intensity. One of these is probably the original product. The 
signals of the new product resemble the original ones, but shifted up to 0.2 ppm in either 
direction. Possibly, this new product is a diastereomer of the original dimer. 
 
Bn-app- 
Bn-app- was used as a ligand in oxidation chemistry of Rh-olefin complexes by De Bruin.4 
(Bn-app)Rh(C2H4) (5) was synthesised by mixing in situ deprotonated ligand and [(C2H4)2RhCl]2 
at -20 °C. Filtration and extraction of the residue to remove undissolved salts gave the rhodium 
complex in good yield. Crystals suitable for X-ray analysis were obtained from a concentrated 
MeOH/H2O solution at -20 °C (Figure 5). 
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N1
N2
N3
Rh
C1
C2
3-4Å
5  
Figure 5. X-ray structure of (Bn-app)Rh(C2H4).
7 Selected bond lengths (Å) and angles (°): Rh-N1 2.001(2), 
Rh-N2 2.107(2), Rh-N3 2.036(2), Rh-C1 2.096(3), Rh-C2 2.116(3), C1-C2 1.386(5), N1-Rh-N2 82.73(9), 
N1-Rh-N3 163.81(9), N2-Rh-N3 82.07(8), N2-Rh-C1 160.22(11), N2-Rh-C2 161.36(11). 
This is the first structurally characterised square planar “N3”Rh(C2H4) complex. The rhodium 
atom has a square planar coordination geometry and is somewhat displaced from the coordination 
plane of the nitrogen atoms. The coordination of the ethene unit is slightly asymmetric with Rh-C 
distances of 2.096 and 2.116 Å. The phenyl ring is positioned above the pyridine ring with 
distances between 3 and 4 Å between the atoms of both rings. This is achieved without large 
deviations of the tetrahedral surrounding of the amine nitrogen atom. 
 
pmdta 
The neutral ligand pmdta can coordinate with three amine nitrogens to a metal centre. When it 
was reacted with [(C2H4)2RhCl]2 in MeOH at room temperature a mono-ethene RhI complex was 
formed (Figure 6). Exchanging the chloride for PF6
- or BArF4
- and crystallisation yielded pure 
[(pmdta)Rh(C2H4)]PF6/BArF4 (6PF6/BArF4). Using Ts- (para-toluenesulphonate) as counterion did 
not result in clean product formation. 
Rh
Cl
Cl
RhNMe
NMe2NMe2
Me
N
NMe2Me2N Rh
+
PF6
1) MeOH
    r.t., 1.5 h
2) KPF6
    -KCl
+
6  
Figure 6. Synthesis of [(pmdta)Rh(C2H4)]PF6. 
Crystals that allowed X-ray diffraction of [(pmdta)Rh(C2H4)]BArF4 were obtained from a 
saturated MeOH solution, but rapid deterioration of the crystal during the measurement led to a 
structure of limited quality (Figure 7). It is only the second structurally characterised olefin 
complex with pmdta as ligand.8 The complex is distorted square planar. The most noticeable 
feature of the structure is the coordination of the ethene unit. Instead of coordinating 
symmetrically trans to the central amine of pmdta, it has bent out of the coordination plane, to  
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N1
N2
Rh
C1
C2
N3N
1
C2
C1 Rh
a b
6  
Figure 7. X-ray structure of [(pmdta)Rh(C2H4)]BArF4; a) side-view, b) bottom view.
9 Selected bond 
lengths (Å) and angles (°): Rh-N1 2.07(2), Rh-N2 2.069(16), Rh-N3 2.128(19), Rh-C1 2.107(18), Rh-C2 
2.15(2), C1-C2 1.42(3), N1-Rh-N2 85.7(9), N1-Rh-N3 163.1(8), N2-Rh-N3 83.7(8), N2-Rh-C1 146.1(9), 
N2-Rh-C2 174.8(9). 
avoid the methyl groups of the NMe2 units. This twist results in a small difference of the Rh-C 
distances. 
 
Examination of the structure of this complex with DFT geometry optimisation (for details, see 
experimental section) reveals that the twist of the ethene unit is the preferred geometry and not 
crystallographically imposed. When one methyl group of the amines at each end of the ligand is 
removed, the displacement of ethene increases to the side of the hydrogen on nitrogen, thereby 
minimising the interaction with the remaining methyl group. Only when all methyls are replaced 
by hydrogen is the ethene positioned in the coordination plane. Obviously, the simple pmdta 
ligand imposes geometrical constraints in the square planar surrounding of the RhI atom. The 
ligand is too big to allow a normal square planar coordination. This was confirmed by attempts to 
calculate the structure of (NMe3)3Rh(C2H4). It seemed impossible to coordinate all four ligands: 
one of the amines moved far away and the remaining amines also had long Rh-N distances. This 
result may in part be due to the underestimation by DFT of the Rh-amine bond strength (see 
previous chapter), but we think it still provides clear evidence for strong steric hindrance in Rh 
complexes of tertiary amines. 
 
The NMR spectrum of (pmdta)Rh(C2H4) is consistent with the approximate Cs symmetry of the 
complex in the solid state. The two NMe2 units give rise to two signals (1.84 and 2.76 ppm) 
corresponding to six protons, the NMe group to a doublet at 2.97 ppm and the methylene protons 
are present as two double triplets (2.93 and 3.25) and two double doublets (2.40 and 2.75), all 
corresponding to two protons. Ethene is present as a doublet at 2.89 ppm. The methylene pattern 
already shows that the signals belong to four different protons of the same CH2CH2 unit of the 
ligand. This is confirmed by a C-H correlation spectrum, which clearly shows that the protons at 
2.40 and 2.93 ppm correspond to the same carbon atom and those at 2.75 and 3.25 ppm to 
another. These observations indicate that no inversion of the central amine takes place in solution 
on the NMR time scale. 
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Protonation of ethene complexes 
[(Me-dpa)Rh(C2H4)]+ 
When 1BPh4 was reacted with HBArF4 in CH3CN at -40 °C a mixture of at least three products 
was obtained (Figure 8). In 1H NMR a triplet is observed at 0.48 ppm which is believed to 
indicate the presence of a Rh-ethyl species. No signals for the methylene group of the ethyl 
fragment were observed. They might be obscured by the multitude of signals present between 4.0 
and 5.5 ppm, although that would mean that they were present at very low field compared to other 
CH2 ethyl signals found in this work and several literature reports.10 The CH3CN present to 
stabilise the product complex did not result in a selective reaction and no further characterisation 
was attempted. Reaction in a non-coordinating solvent was not attempted. 
N
N
N
Me
Rh
H+
"LRh(Et)" + various products
[(Me-dpa)Rh(C2H4)]
+
1  
Figure 8. Protonation of [(Me-dpa)Rh(C2H4)]BPh4. 
[(Bn-dpa)Rh(C2H4)]+ 
When 2BArF4 was reacted with HBArF4 in C6D5Br at -25 °C, no visible change occurred to the 
reaction mixture, but upon warming to room temperature a brown oil separated.11 The 1H NMR 
spectrum of the supernatant only showed signals from the starting material, indicating that none of 
the products dissolve in this solvent. In C6H5CF3 again no colour change occurred at -25 °C. At 
room temperature the colour of the solution changed from orange/brown to dark brown. The 
product stayed in solution. No NMR spectrum of the product could be obtained because C6D5CF3 
was not available. However, we did test this system for polymerisation activity. One equivalent of 
HBArF4 in 2 ml C6H5CF3 was added to 104 mg 2BArF4 in 5 ml C6H5CF3 under 50 bar of ethene. 
After 16 hours at this pressure a small quantity of solid material had formed, but not enough for 
analysis (15 mg). When 2BPh4 was reacted with HBArF4 in CD2Cl2, the 1H NMR spectrum 
showed multiple sets of ligand signals and two triplets at 0.20 ppm. It seemed that two ethyl 
complexes were formed, although the signals for the Rh-CH2 groups could not be identified. 
 
Tp*Rh(C2H4)2
The most distinct feature of 3 in 1H NMR is the singlet from the Pyz-H at 5.6 ppm. No other 
signals are usually present in that region and singlets are easily recognised. Reaction of the 
complex with 1 equivalent of HBArF4 in CD3CN at 0 °C seemed to result in the selective 
formation of one product. In the literature the reaction of the complex with acetonitrile is 
described. At room temperature, the bis-ethene rhodium(I) complex rearranges fast, but not  
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Figure 9. Rearrangment of Tp*Rh(C2H4)2 in CH3CN.5 
instantaneous, to a vinyl-ethyl rhodium(III) complex (Figure 9) and acetonitrile serves as an 
additional donor.5 
Our product does not resemble the reported spectrum at all, although it was recorded in a different 
solvent (CD3CN vs. C6D6). Olefinic signals from the vinyl group were not present and any 
aliphatic signals, if present, could not be identified. Most indicative was the presence of a single 
large singlet at 5.91 ppm, indicating the presence of a symmetric Tp* complex (complex 7 is 
asymmetric and therefore showed three Pyz-H signals). It is also not likely that a reaction of the 
vinyl-ethyl complex with acid took place, since it is hard to come up with a symmetric product. It 
is known from the literature that 3 is thermally not very stable, but fast reactions with it can be 
performed at room temperature without too much decomposition of the starting material.12 
Therefore, this should not interfere with the reaction discussed here. It is not known what product 
was formed after the protonation of 3 in acetonitrile, but it was not a Rh-Et complex, since no 
triplet was present between 0 and 1.5 ppm. Possibly, a pyrazolyl ring was protonated and lost 
from the ligand. 
 
When instead of CD3CN, CDCl3 was used as a solvent various reactions took place. In the 1H 
NMR spectra no triplet is visible that may indicate the presence of a Rh-ethyl species, but signals 
are present that resemble coordinated ethene with a hindered rotation. At very low field (10.7 and 
13.8 ppm) broad peaks are present. This might indicate that one or more of the pyrazolyl rings 
were protonated. When two equivalents of acid were used, the spectrum did not change very 
much, although a few additional peaks became visible. It still showed ethene signals and no ethyl 
species. Possibly (partially) chlorinated products were formed. CDCl3 is therefore not the right 
solvent to transform 3 into an ethyl complex. 
The reaction in C6D6 was not selective. Between 1 and 3 ppm too many peaks were present to 
allow interpretation and even in the region for the Pyz-H a lot of signals were present, including 
three larger singlets and numerous smaller peaks (Figure 10). The three singlets could belong to 
the Pyr-H atoms of one asymmetric product. A very distinct feature of the spectrum was the 
presence of two sets of peaks for the BArF4 counterion, suggesting anion coordination and/or 
degradation. 
Reaction of the complex with one equivalent of HBArF4 and ethene (21 bar) in C6H5Br at room 
temperature did not result in the formation of any polyethene. 1H NMR of the mixture after the 
reaction showed no recognisable ligand signals, but a lot more aromatic signals (6.5-8.5 ppm) 
were present than would be expected for BArF4 and remaining solvent. 
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Figure 10. 1H NMR spectrum after the reaction of Tp*Rh(C2H4)2 and HBArF4 in C6D6. 
(Bn-app)Rh(C2H4) 
Protonation of 5 with HBArF4 was performed in CD3CN. The reaction seemed fairly selective 
according to NMR. One main product was present in the 1H NMR spectrum and a triplet at 0.53 
ppm was clearly visible. The 13C spectrum showed more signals than expected, but not enough for 
more than one complex with Bn-app- as ligand. However, a peak for free ethene was also present 
in the 1H spectrum. This means that some of the complex must have lost ethene. It turned out that 
this already happened when the complex was dissolved in CD3CN, before addition of acid. In the 
1H NMR spectrum no hydride signal was observed. 
The reaction in CD3CN was followed with NMR by adding one equivalent of acid in three equal 
portions at ca. -80 °C and measuring the spectra at -20 °C (Figure 11). Before the addition of the 
first portion of acid, one set of ligand peaks was present, coordinated ethene that corresponded to 
the amount of ligand and again this amount as free ethene. This might mean that half of the 
starting material had turned into a paramagnetic (NMR-silent) product upon loss of ethene. 
Another less likely explanation is that at least part of the starting material was present as a bis 
ethene complex, despite the crystal structure showing a mono ethene complex and NMR data 
indicating one ethene per molecule. This bis-ethene complex could then lose one ethene molecule 
upon dissolution. 
Upon addition of 0.3 equivalents of acid, the ligand signals do not shift visibly, but only half of 
the bound ethene remains. A triplet appears at 0.47 ppm, which may correspond to the formation 
of an ethyl species, but the amount does not correspond to the loss of coordinated ethene. The 
BArF4 signals correspond to twice the NMR-visible amount of complexed ligand. Because only 
0.3 equivalents were added, only one-sixth of the starting complex is still visible in NMR. One of 
the possibilities for the disappearance of material in this reaction is the formation of paramagnetic 
species. 
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After the second addition of acid, only signals due to BArF4, H2O and Et2O (always present in 
HBArF4) remain. 
With addition of the final portion of acid, the spectrum did not change significantly. All the time 
the colour of the sample stayed orange. 
BArF4
free ethene
coor. ethene
CD CN3
Et O2
H O2
CH2
Py and Ph
ethyl
Pyr
Et O2
a
b
c
d
7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
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Figure 11. NMR spectra of the stepwise protonation of (Bn-app)Rh(C2H4); a) 0 equiv. H+, b) 0.3 equiv. 
H+, c) 0.7 equiv. H+, d) 1 equiv. H+. 
After warming to room temperature, the signal-to-noise ratio decreased even further; no 
recognisable new signals appeared. 
Obviously a lot of starting material had already decomposed before the actual reaction could take 
place and maybe decomposition continued throughout the experiment, despite the low 
temperature. It might be that acetonitrile was not the right choice of solvent to selectively 
synthesise the desired alkyls, because it interfered with the coordination of ethene. Since we did 
need a coordinating solvent to stabilise the unsaturated RhIII complexes that we wanted to make, 
we expected this problem for other solvents as well and no more attempts were made to prepare 
ethyl complexes from (Bn-app)Rh(C2H4) by protonation. 
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It was investigated whether the complexes obtained after protonation in a non-coordinating 
solvent were active as polymerisation catalysts. A mixture of (Bn-app)Rh(C2H4) and HBArF4 in 
C6H5Cl was put under ca. 30 bar of ethene pressure for 20 hours, but no solid material was present 
after the experiment. 
 
[(pmdta)Rh(C2H4)]+ 
Reaction of 6 with acid should result in a dicationic RhIII ethyl complex, when only non-
coordinating anions are present. When a nitrogen stream was passed over an HCl solution and 
subsequently through an orange solution of 6PF6 in CD3CN, a yellow solution and white solid 
were formed. 1H NMR showed several interesting features (Figure 12). First of all, two hydride 
signals were present at -17.86 and -17.37 ppm (ratio 7:1) with J(Rh-H) = 15.75 and 17.72 Hz 
respectively. Furthermore three triplets, presumably belonging to ethyl groups, were present at 
0.95, 1.02 and 1.07 ppm (ratio 1:6:4) and two double quartets at 3.64 and 3.78 ppm (ratio not 
known exactly because of overlap with another signal). The coupling constant of the two larger 
triplets and those of the quartets correspond very well, all being 7.59 Hz. The additional coupling 
on the quartets is 2.5 Hz, presumably a J(Rh-H) coupling. The relative intensities of the double 
quartets were, in estimation, also in agreement with the larger triplets belonging to two of the 
ethyl fragments. This strongly suggests the presence of at least two Rh-Et fragments. The third 
double quartet probably was not visible because of the low intensity or asymmetry of the complex 
(which would lead to two multiplets for the methylene group). These observations suggest the 
formation of five different species upon the reaction of 6PF6 with HCl. It was therefore not 
unexpected that a lot of the ligand signals would overlap. Usually the methylene protons of 
symmetrically coordinated pmdta give rise to two double triplets and two double doublets. Only 
two double triplets were well resolved here, at 3.31 and 3.52 ppm. The intensities correspond 
quite well to the ethyl groups. Three singlets were present that could correspond to one or two 
NMe groups of the same complex as the ethyl groups and/or the ligand signals at 3.31 and 3.52 
ppm. A broad signal was present at 4.73 ppm (presumably water). No other signals could be 
identified. 
Assuming that nothing happened to the methyl groups on the nitrogens, the presence of only three 
singlets big enough to correspond to these methyls, suggests that only one equivalent of ligand 
was present for two ethyl complexes and one hydride complex, where three would be expected 
(ligand signals corresponding to the smaller hydride and ethyl peaks could still be present). We do 
not have a good explanation for this. It can not be excluded that two of the three major products 
(or even all of them) have broadened NMe2 signals; possibly, only the central NMe resonance of 
each product is sharp. Alternatively, it may even be possible that the complex lost pmdta and 
instead had acetonitrile coordinated. However, the mixture was too complex to allow any more 
detailed analysis. 
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(ppm)  
Figure 12. 1H NMR spectrum of the products after reaction of (pmdta)Rh(C2H4) with HCl. 
When HBArF4 was used as acid in CH3CN at room temperature, no hydride signal was visible. 
Several triplets were visible around 1 ppm. It could not be the same products as for the reaction 
with HCl because of Cl- coordination. One triplet (at 1.01 ppm) was always being larger than the 
others. No double quartets were visible that belonged to this product. Of the ligand again only two 
double triplets could be identified (at 3.24 and 3.90 ppm). These probably belong to the same 
complex and this complex was not present after the reaction with HCl. When one equivalent of 
acid was added in four equal portions, it became clear that the various products were not the result 
of an accidental excess of acid. After the addition of 0.25 equivalents of acid already two triplets 
are present. These increased in intensity as the amount of acid was increased, proportional to the 
ether signals. After the addition of the full equivalent, several characteristic signals for the starting 
material were completely gone. In this experiment, unlike the one where all the acid was added at 
once, a clear peak of free ethene was present. Maybe ethene dissociates slowly from the complex 
in acetonitrile; in this experiment there was more time for ethene to dissociate, since not all the 
acid was present from the start. Even though one equivalent of acid was used, the BArF4 signals 
corresponded to more than one equivalent compared to the products: it is not clear what happened 
to the rest of the rhodium complex. 
 
When [(pmdta)Rh(C2H4)]PF6 and HBArF4 were mixed in melting CH3CN (-45 °C) and the 
mixture was directly cooled in liquid nitrogen and layered with Et2O, a solid precipitated at 
-20 °C. From the remaining solution some more solid material precipitated at -20 °C after the 
addition of more Et2O. Although the latter product contained some side products, both solids 
consisted mainly of one Rh-Et complex, although not the same one and not identical to any of the 
complexes described above. 
When the reaction was performed at 0 °C, again two hydride signals were present (at -19.14 and 
-17.80 ppm). The major one at -17.80 ppm resembles that found in the reaction with HCl. Besides 
the hydride peaks, two signals that might represent ethyl CH3 triplets were present. Of the ligand 
three triplets were visible between 4 and 5 ppm of equal intensity, something that was not 
observed before. When the BArF4 salt was reacted with HBArF4 in acetonitrile-d3, the 1H NMR 
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spectrum looked almost the same as for the PF6 salt at room temperature, although some starting 
material seemed to be present. A unexpected difference was the presence of a hydride signal at 
-17.85 ppm (J(Rh-H) = 16.10 Hz). This value corresponds to the major hydride peak in the 
reaction with HCl. 
The protonation of [(pmdta)Rh(C2H4)]PF6 could not be investigated in the non coordinating 
solvent C6D5Br by NMR, because the complexes involved were insoluble in this solvent (no 
spectrum could be recorded). Although polymerisation is possible for heterogeneous catalysts, no 
polymerisation activity was observed with [(pmdta)Rh(C2H4)]PF6 and H+ in C6H5Br. If the 
insolubility of the starting material should prevent reaction with acid in the first place, this result 
is not strange. 
 
Other routes to alkyl complexes 
Oxidative addition 
Oxidative addition of an alkyl-halide to a rhodium(I) complex should result in the formation of a 
rhodium(III) alkyl complex.13 Brookhart reported the oxidative addition of MeI to a pyridine 
diimine RhI olefin complex.13a For [(pmdta)Rh(C2H4)]PF6, oxidative addition of MeI was found to 
be more difficult (Figure 13). Stirring at room temperature, either in CH2Cl2 solution or in pure 
MeI, did not result in any reaction. At reflux a reaction did take place. Following the reaction with 
NMR showed that after one hour a new product had formed, but starting material was still present. 
After several hours at reflux all the starting material had gone. 
Me
N
NMe2Me2N Rh
+
PF6 MeI
Me
N3Rh I ?
 
Figure 13. Speculative reaction of [(pmdta)Rh(C2H4)]PF6 with MeI. 
Unfortunately, the spectrum (Figure 14) was too complex to allow identification of the product(s). 
Reaction of [(pmdta)Rh(MA)]PF6 (8PF6; see next section) with MeI in CH2Cl2 proceeded very 
similar to the reaction of the ethene complex with MeI. The product-mixture appeared to be very 
similar to that obtained with [(pmdta)Rh(C2H4)]PF6 and does not contain any coordinated olefin. 
Possibly the oxidative addition product loses olefin and forms an I-bridged dimer. 
 
Activation with B(C6F5)3. 
Activation of 6PF6 with B(C6F5)3 in MeOH did lead to reaction, but after one hour at room 
temperature starting material was still present. The product could not be identified from the 
complex spectrum. When the reaction was performed in THF, a species was formed that 
polymerised the solvent overnight at room temperature. The product was not further analysed and 
no further experiments were performed. 
 
 
 57
Chapter 3 
CD CN3
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Figure 14. 1H NMR of the product after the reaction of a: (pmdta)Rh(C2H4) and b:(pmdta)Rh(MA) with 
MeI. 
Synthesis and protonation of [(pmdta)Rh(MA)]PF6
[(pmdta)Rh(MA)]PF6 (8PF6) was formed by stirring 6PF6 and 10 equivalents of MA in MeOH at 
0 °C for 1.5 hours. Crystals suitable for X-ray diffraction were obtained from a MeOH solution at 
-20 °C (Figure 15). The crystal structure is very similar to the one of 6PF6. MA similarly moved 
out of the coordination plane and the ester function points away from the metal centre. The MA 
moiety is flat and only slightly distorted. 
This is the first structurally characterised Rh(MA) complex with nitrogen donors. Two other 
square planar MA complex have been structurally characterised, (acac)RhMA214 and {diacetyl-
bis(diethylphenylimine)}Pt(Me)MA.15 A similar twist of MA is described for the Rh complex and 
compared to other square planar Rh complexes. The coordination of MA as seen in Figure 15 is 
typical for square planar complexes with mono-substituted alkenes. In the literature report, olefin 
coordination is still symmetrical, with similar M-C distances. In our structure, the Rh-C  
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N1
N2
Rh
C1
C2
8  
Figure 15. X-ray structure of [(pmdta)Rh(MA)].16 Selected bond lengths (Å) and angles (°): Rh-N1 
2.132(4), Rh-N2 2.107(4), Rh-N3 2.137(4), Rh-C1 2.081(4), Rh-C2 2.151(5), C1-C2 1.387(7), N1-Rh-N2 
84.41(15), N1-Rh-N3 162.77(16), N2-Rh-N3 83.46(16), N2-Rh-C1 141.39(17), N2-Rh-C2 173.14(17). 
distances differ considerably and the olefin is not coordinated symmetrically. In the Pt complex, a 
similar twist is seen, but to the other side (i.e. C1 has moved into the square plane). 
Protonation of this complex with HBArF4 in CD3CN led to complete loss of MA and the 
formation of a (pmdta)Rh-hydride complex, presumably [(pmdta)Rh(H)(CD3CN)2]2+ (9). In the 
1H NMR spectrum, one hydride signal was present and all Me groups were visible (2.68, 2.81 and 
2.82 ppm) and two double triplets for the methylene groups (3.33 and 3.52 ppm). The expected 
double doublets were not visible and were probably obscured by signals of comparable intensities. 
The hydride signal corresponds to that found in the reaction of [(pmdta)Rh(C2H4)]PF6 and HCl 
within experimental error, but the corresponding methylene signals could not be identified in that 
case. 13C NMR shows signals for BArF4 and five peaks between 47 and 67 ppm, corresponding to 
pmdta. It can be concluded from the NMR data that a Cs symmetric complex had formed. This 
leaves structures a, b and c in Figure 16 as possibilities. Structurally characterised six-coordinated 
complexes of transition metals with pmdta all have the ligand facially coordinated, except for 
(pmdta)RhCl3 (chapter 2).17 Unfortunately, 9 could not be purified or crystallised. 
 
In acetone the protonation reaction was less selective and slower than in CD3CN. Starting material 
was still present according to NMR and two hydride signals were present. The products were not 
purified. 
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Me
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a b c  
Figure 16. Possible isomers for [(pmdta)Rh(H)(CD3CN)2]2+.18
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In CD2Cl2 in the presence of an additional equivalent MA, protonation with HBArF4 was slower 
still. Mainly starting material was present in an NMR experiment, but some solid material formed. 
No hydride signals were present, but a triplet was present at 1.08 ppm besides that of Et2O. The 
position of the triplet falls in the region of those of proposed Rh-Et complexes earlier in this 
chapter. No free MA seemed to be present, which was strange because of the presence of starting 
material and the fact that MA was added to the reaction. When the sample was cooled in a VT 
NMR experiment signals for free MA became sharper and were clearly visible at 243 K. It 
seemed that they were present all along, but reduced to a very shallow bump because of exchange 
with coordinated MA. The olefinic signals of coordinated MA became sharper in this range as 
well. 
When the solid material was isolated, dried and dissolved in DMSO-d6, signals for BArF4 and free 
MA (one equivalent with respect to BArF4) and some residual Et2O were present in the 1H NMR 
spectrum. The product signals consisted of two singlets and two triplets (Figure 17). The signals 
showed some overlap with other signals, but could still correspond to symmetrical pmdta (a 
singlet for the central amine-Me and one for the four remaining methyl groups and the two triplets 
for the two neighbouring methylene groups). Only, in this case all NMe2 groups are equivalent 
and so are the hydrogens of each separate methylene group. The origin of this difference from 
other spectra of pmdta complexes is not clear. It could mean that pmdta was protonated in this 
product at the central amine and a four coordinated RhI complex was formed with the two 
remaining amines coordinated. Alternatively, the ligand could have dissociated completely from 
the metal. 
4.0 3.5 3.0 2.5 2.0
(ppm)
free MA
Et O2
CH2
NMe2
DMSO
NMe
CH2
 
Figure 17. 1H NMR spectrum (DMSO-d6) of the product of protonation of (pmdta)Rh(MA) in CD2Cl2. 
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In a final experiment a solution of [(pmdta)Rh(C2H4)]PF6 in acetone was mixed with a solution of 
one equivalent of HBArF4 and two equivalents of MA in acetone at 0 °C. The mixture was dried, 
dissolved in acetone-d6 and a NMR spectrum was measured. The spectrum was not conclusive, 
but seemed to correspond to [(pmdta)Rh(Et)(X)2]2+ (judging from the presence of a triplet around 
1 ppm). Layering the solution with Et2O did lead to precipitation of a solid, but not crystals. 
 
Mass spectroscopic studies19
Some of the ethyl species described here (with Bn-dpa, Bn-app- and pmdta as ligands) have been 
investigated in an independent mass spectroscopic study. The ethyl complexes were generated in 
solution and introduced into a tandem mass spectrometer using electrospray. An advantage of this 
technique is that a single species in a mixture can be isolated on the basis of its mass and charge 
and subsequently reacted with another molecule. When “L”RhEt(NCMe)22+ (in the case of Bn-app 
1+) was isolated, one acetonitrile could be selectively removed. The formed complexes did not 
react with butene in the mass spectrometer. When both acetonitrile molecules were removed, 
reaction with butene did take place. No addition product was observed, but it seemed as if butene 
had replaced a coordinated ethene molecule. Presumably, ethene-hydride complexes were present, 
instead of ethyl complexes, once an acetonitrile was removed. Because of the identical mass, no 
distinction could be made between these complexes. The formation of a vacant coordination site 
by removal of the second acetonitrile creates space for butene to approach the metal centre. 
Obviously, olefin-hydrides were the most stable species in these reactions. Although gas-phase 
and solution-phase chemistry do not need to be related, this behaviour could explain some of the 
problems encountered in the experiments described here. Olefin may be lost in solution 
(especially in the presence of other donors), complicating the selective formation of ethyl species. 
In some cases hydrides have even been observed. 
 
Conclusions 
Protonation of Rh-olefin complexes does not appear to be a generally applicable route for the 
generation of well-defined unsaturated Rh-alkyl complexes.20 We have obtained enough 
indication that alkyls and/or hydrides are formed, but their formation is usually not clean and the 
product distribution appears to be very sensitive to the reaction conditions. Even in the presence 
of trapping agents (MeCN), we do not observe clean alkyl formation. In the absence of trapping 
agents, the species generated, whatever their nature, do not appear to be active in polymerisation. 
We believe this is likely to be due to very high reactivity of the initial protonation products (i.e. 
they have decomposed or reacted away before even seeing ethene) rather than to low reactivity 
towards ethene. 
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Experimental 
All reactions were performed under a nitrogen atmosphere using standard Schlenk techniques or 
in a dry-box. 
Solvents were degassed and/or distilled from appropriate drying agents prior to use. 
Ethylene polymerisation experiments were performed in a Hastalloy stainless steel 100 ml 
autoclave. 
 
All calculations were carried out with the SPARTAN21 program. Geometries were optimised 
using the pBP22 functional using the DN21 basis set. 
 
NMR-spectra were recorded on Bruker DPX-200, AC-300, WM-400, AM-500 or Varian Inova 
400 spectrometers. Chemical shifts are listed in ppm with tetramethylsilane (0 ppm) as external 
reference. 
FAB+-MS spectra were recorded on a VG 7060E instrument. m-Nitrobenzylalcohol was used as a 
matrix for FAB mass spectroscopy. 
 
[(Me-dpa)Rh(C2H4)]BPh4,4 (Tp*)Rh(C2H4)25 and HBArF423 were prepared according to literature 
procedures. 
 
 
[(Bn-dpa)Rh(C2H4)]BArF4 (2BArF4) 
106mg (0.32 mmol) [Rh(C2H4)2Cl]2 and 166 mg (0.57 mmol; 0.9 equiv.) Bn-dpa were added to 
25 ml methanol at -78 oC and stirred for one hour before 553 mg (0.57 mmol) NaBArF4 was 
added. The solution was stirred for another 15 minutes at -78 oC and filtered at room temperature 
to remove NaCl and unreacted [Rh(C2H4)2Cl]2. 
Addition of hexane caused the precipitation of a yellow solid, which was collected by filtration 
(432 mg; 60 %). 
1H NMR (200 MHz, CD2Cl2, 298 K) δ = 7.79-7.12 (m, 25H, Py-H6, Py-H4, Py-H5, Py-H3, C6H5 
and BArF4), 4.89 (d, 2H, J = 15.6 Hz, N-CH2-Py), 4.40 (d, 2H, J = 15.6 Hz, N-CH2-Py), 4.17 (s, 
2H, N-CH2-C6H5), 3.94 (br, 4H, CH2CH2). 
 
(app)Rh(ethyl)X2 (4) 
98 mg (0.52 mmol; 1 equiv) H2APP was added to a suspension of 100 mg (0.26 mmol) 
[Rh(C2H4)2Cl]2 in 10 ml MeOH at room temperature. After stirring for one hour, 265 mg (2.5 
mmol; ca 5 equiv) Na2CO3 in 5 ml H2O was added. The product was isolated by filtration as a 
pink solid (274 mg; containing residual Na2CO3). 
1H NMR (200 MHz, dmso-d6, 298 K) δ = 8.64 (d, 1H, J = 5.73 Hz, Py-H6), 7.96 (t, 1H, J = 6.15 
Hz, Py-H4/5), 7.56 (m, 2H, Py-H5/6, Py-H3), 6.38 (m, 1H, Pyr-H5), 5.74 (m, 2H, Pyr-H3, Pyr-
H4), 3.89-4.79 (m, 6H, 2 NCH2, RhCH2), 0.43 (t, 3H, J = 7.62 Hz, CH2CH3). 
 
(Bn-app)Rh(C2H4) (5) 
50 mg (0.47 mmol; 1 equiv) Na2CO3 in 1 ml H2O was added to 15 ml MeOH and N2 was passed 
through the suspension at -20 °C. After one hour, 130 mg (0.47 mmol; 1 equiv) Bn-app was added 
to the suspension. After stirring for another hour, 91 mg (0.23 mmol) [Rh(C2H4)2Cl]2 was added 
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and the mixture was stirred for 4 hours at -20 °C. The mixture was filtered, washed with cold 
MeOH/H2O (1:1) and extracted with CH2Cl2. After drying, the product was obtained as an orange 
solid (149 mg; 0.37 mmol; 78%). 
1H NMR (200 MHz, CD2Cl2, 298 K) δ = 7.53-7.59 (m, 2H), 7.47 (dt, 1H, J = 1.46, 7.68 Hz, 
Py-H4/5), 7.11-7.27 (m, 3H), 6.95 (d, 1H, J = 7.69 Hz), 6.85 (t, 1H, J = 6.35 Hz), 6.13 (m, 1H, 
Pyr-H), 5.96 (m, 1H, Pyr-H), 5.88 (m, 1H, Pyr-H), 4.62 (d, 1H, J = 15.74 Hz, CH2-A), 4.49 (d, 
1H, J = 13.54 Hz, CH2-B), 4.36 (d, 1H, J = 12.80 Hz, CH2-C), 4.18 (dd, 1H, J = 1.47, 15.74 Hz, 
CH2-A), 4.12 (dd, 1H, J = 1.47, 13.18 Hz, CH2-B), 3.99 (d, 1H, J = 12.80 Hz, CH2-C), 3.21 (bs, 
4H, CH2CH2). 
 
[(pmdta)Rh(C2H4)]PF6 (6PF6) 
0.49 ml (401 mg; 2.31 mmol; 1 equiv) pmdta was added dropwise to a solution of 450 mg (1.16 
mmol) [Rh(C2H4)2Cl]2 in 10 ml MeOH at room temperature. After 1 hour, 639 mg (3.47 mmol; 
1.5 equiv) KPF6 was added. 20 ml of Et2O was added to precipitate residual KPF6 and the mixture 
was filtered. Another 10 ml of Et2O was added to the filtrate until some solid material was formed 
and the product was obtained as dark orange crystals (624 mg; 1.39 mmol; 60%) by crystallization 
at -20 °C. 
1H NMR (200 MHz, CD2Cl2, 298 K) δ = 3.25 (dt, 2H, J = 3.30, 13.26 Hz, CH2), 2.97 (s, 3H, 
NCH3), 2.93 (dt, 2H, J = 3.48, 13.45 Hz, CH2), 2.89 (d, 4H, J = 2.19 Hz, CH2CH2), 2.75 (s, 6H, 
N(CH3)2), 2.75 (ddt, 2H, J = 3.48, 12.81, 0.91 Hz, CH2), 2.40 (dd, 2H, J = 3.11, 13.27 Hz, CH2), 
1.84 (d, 6H, J = 1.28 Hz, N(CH3)2). 13C NMR (100 MHz, CD2Cl2, 298 K) δ = 66.4 (2C, CH2), 
57.8 (2C, CH2), 53.0 (d, 2C, J = 16.2 Hz, CH2CH2), 51.2 (2C, N(CH3)2), 50.1 (2C, N(CH3)2), 43.7 
(1C, NCH3). EA: calc. C 29.41, N 9.35, H 6.06, found C 29.24, N 9.19, H 5.93. 
 
[(pmdta)Rh(MA)]PF6 (8PF6) 
0.3 ml (288 mg; 3.33 mmol; 10 equiv) MA was added to a solution of 150 mg (0.33 mmol) 
[(pmdta)Rh(C2H4)]PF6 in 15 ml MeOH at 0 °C. After 1 hour, the orange products was obtained in 
quantitative yield by evaporating all volatile material. 
1H NMR (400 MHz, CD2Cl2, 298 K) δ = 4.05-4.12 (m, 3H, CH2CH), 3.67 (s, 3H, COOCH3), 3.26 
(dt, 1H, J = 3.43, 13.65 Hz, CH2CHH-A), 3.23 (dt, 1H, J = 3.43, 13.65 Hz, CH2CHH-B), 3.08 (dt, 
1H, J = 3.43, 13.65 Hz, CHHCH2-B), 3.01 (dt, 1H, J = 3.43, 13.65 Hz, CHHCH2-A), 2.96 (s, 3H, 
NCH3Me-C), 2.94 (s, 3H, NCH3Me-D), 2.80 (dd, 1H, J = 3.43, 13.38 Hz, CH2CHH-A), 2.78 (dd, 
1H, J = 3.43, 13.12 Hz, CH2CHH-B), 2.51 (s, 3H, NCH3), 2.49 (dd, 1H, J = 3.43, ??(due to 
overlap) Hz, CHHCH2-A), 2.41 (dd, 1H, J = 3.43, 13.92 Hz, CHHCH2-B), 2.17 (s, 3H, 
NMeCH3-C), 1.80 (s, 3H, NMeCH3-D). 13C NMR (100 MHz, methanol-d4, 298 K) δ = 175.6 
(CO), 68.1 (CH2CH2-B), 66.3 (CH2CH2-A), 57.8 (CH2CH2-B), 57.6 (CH2CH2-A), 51.9 
(COOCH3), 51.7 (CH2CH), 51.3 (NMeCH3-C), 49.7 (NMeCH3-D), 49.0 (2C, NCH3Me-D, 
NCH3), 44.4 (NCH3Me-C). EA: calc. C 30.78, N 8.28, H 5.76, found C 30.58, N 8.30, 5.64. 
 
[(pmdta)RhH(CD3CN)2]2+ (9) 
40 mg (0.04 mmol; 12 equiv) HBArF4 in ca 0.5 ml CD3CN was added to a solution of 20 mg (0.04 
mmol) [(pmdta)Rh(MA)]PF6 in ca. 0.5 ml CD3CN. The product was dried in vacuo to remove 
liberated MA from the sample. 
1H NMR (200 MHz, CD3CN, 298 K) δ = 7.68 (m, 12 H, BArF4), 3.24-3.68 (m, 4H, CH2), 2.81 (s, 
6H, N(CH3)2), 2.80 (s, 3H, NCH3), 2.67 (s, 6H, N(CH3)2), 2.4-2.9 (m, CH2), -17.84 (d, 1H, J = 
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14.64 Hz, RhH). 13C NMR (50 MHz, CD3CN, 298 K) δ = 162.6 (J(11B-C) = 49.9 Hz, BArF4-C1), 
135.6 (BArF4-C2), 129.9 (qq, J(F-C) = 2.70, 31.67 Hz, BArF4-C3), 125.4 (q, J(F-C) = 271.5 Hz, 
CF3), 66.1 (2C, CH2), 65.0 (2C, CH2), 57.9 (2C, N(CH3)2), 55.2 (2C, N(CH3)2), 47.5 (NCH3). 
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Cobalt complexes of pyridine-amine ligands1
 
Introduction 
Cobalt complexes with nitrogen donor ligands have been used to mimic biological systems such 
as vitamin B-12 co-enzyme.2 They are also of interest in the context of dioxygen activation at 
transition metals.3 Recently they have attracted attention as precatalysts for olefin 
polymerisation.4 Typically, the precatalysts are the cobalt(II) chloride complexes of 
diiminepyridine (N3R) ligands (see Figure 1). Structural characterisation of these complexes 
requires X-ray analysis because the paramagnetic CoII centre complicates NMR studies. 
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Figure 1. Pyridine-amine ligands used in this work. 
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Approach 
In the hope of obtaining some insight into the optimal coordination geometries for olefin 
polymerisation, we decided to study a range of flexible pyridine-amine ligands and compare these 
with the more rigid pyridine diimine ligands. 
The ligands we selected are of the picolylamine type, and are multidentate via amine (Nam) and 
pyridine (Npy) nitrogens (Figure 1).5
For polymerisation the two chlorides must be converted to an alkyl chain and a vacant 
coordination site cis to it. In five-coordinate complexes of dpa-type N3 ligands, the small bite 
angles of the two five membered chelate rings should disfavour equatorial coordination of all 
three nitrogens in a trigonal-bipyramidal coordination geometry; this leaves the fac and mer 
arrangements shown in Figure 2, both of which have a cis orientation of the remaining 
coordination sites (for the more rigid N3R ligands, only the mer arrangement is accessible). Of the 
N4 ligands, pyp is the least flexible one. In practice, it strongly prefers a cis-octahedral6 
coordination geometry (Figure 2),7 although other arrangements have been observed.8,9 Six-
coordinate complexes of tpa will also have a cis-octahedral structure; in addition, this ligand 
supports five-coordination, usually with an apical Nam donor (Figure 2). Finally, bpc-type ligands 
have been observed in three distinct coordination geometries shown in Figure 2: planar (“N4”), 
symmetric cis-octahedral (“N2/N2”) and asymmetric cis-octahedral (“N3/N”). The different 
coordination geometries possible for the N3 and N4 donors also result in different patterns of Nam 
and Npy donors trans to the two sites potentially involved in polymerisation. 
dpa
tpa
bpc
fac mer
cis-oct ap-amine eq-amine
N4 N3/N N2/N2
pyp
 
Figure 2. Coordination geometries of N3 and N4 ligands. 
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Results 
Synthesis 
The N3 and N4 ligands used have all been reported previously.10 Their CoCl2 complexes were 
easily obtained by reaction with CoCl2·6H2O in the appropriate solvent. Most complexes were 
formed selectively and isolated by filtration, but (Me-bpc)CoCl2 (6) was always present in a 
mixture of two compounds (see also section NMR analysis). Crystals of one of the compounds 
were selectively obtained by slow evaporation of an NMR sample. Whereas most of the 
complexes were air stable, (bpc)CoCl2 (5) proved very sensitive to air and water. This complex 
was therefore synthesised by reaction of the ligand with dried CoCl2 in anhydrous acetonitrile. 
The related complex 6 decomposed only very slowly in the presence of air and water. 
 
Crystal structures of N4-ligand complexes 
We expected to prepare an octahedral complex from tpa and CoCl2·6H2O. However, X-ray 
analysis showed that the five-coordinate cation [(tpa)CoCl]+ (1+) had formed (Figure 3), with 
CoCl42
- as the counterion. The unit cell contains two crystallographically independent cations 1+. 
Each of these has an almost C3-symmetric trigonal-bipyramidal coordination geometry with Nam 
and Cl at the two axial positions. The CoII centre is displaced approx. 0.5 Å from the equatorial N3 
plane in the direction of the chloride. The structure of 1+ is very similar to that of the dicationic 
complex [(tpa)Co(MeCN)]2+ (22+) reported by Nanthakumar. The Co-Npy distances of 1+ and 22+ 
are identical within experimental error. The Co-Nam distance for 1+ is longer than that for 22+, as 
expected on the basis of the larger trans-influence of Cl- compared to acetonitrile. 
N3
Co
Cl
N2
N1
N4
1+  
Figure 3. X-ray structure of one of the two independent cations [(tpa)CoCl]+. Selected bond lengths (Å) 
and angles (°): Co-N1 2.055(14), Co-N2 2.038(14), Co-N3 2.028(15), Co-N4 2.240(14), Co-Cl 2.284(5), 
N1-Co-N4 76.3(6), N2-Co-N4 78.8(5), N3-Co-N4 76.7(5). Corresponding values for the second cation: Co-N1 
2.072(15), Co-N2 2.075(16), Co-N3 2.055(14), Co-N4 2.229(15), Co-Cl 2.280(6), N1-Co-N4 77.9(6), 
N2-Co-N4 76.2(6), N3-Co-N4 77.1(5). Corresponding values for [(tpa)Co(MeCN)]2+ 11: Co-N1 2.041(3), 
Co-N2 2.037(3), Co-N3 2.053(3), Co-N4 2.177(3), Co-N5 2.046(3), N1-Co-N4 79.1(1), N2-Co-N4 78.9(1), 
N3-Co-N4 78.7(1). 
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N1
N2
N3N4 Cl2
Cl1
Co
3  
Figure 4. X-ray structure of (tBu-pyp)CoCl2.
12 Selected bond lengths (Å) and angles (°): Co-N1 2.415(8), 
Co-N2 2.380(9), Co-N3 2.084(7), Co-N4 2.074(8), Co-Cl1 2.404(3), Co-Cl2 2.365(3), N1-Co-N2 141.5(3), 
N1-Co-N3 73.8(3), N1-Co-N4 76.9(3), N2-Co-N3 77.9(3), N2-Co-N4 74.3(3), N3-Co-N4 83.1(3), N3-Co-Cl1 
87.5(2), N3-Co-Cl2 174.2(2), N4-Co-Cl1 170.5(2), N4-Co-Cl2 91.5(2), Cl1-Co-Cl2 97.95(11). 
The structures of (tBu-pyp)CoCl2 (3)7d and (Me-pyp)CoCl2 (4)7a have been reported before. Both 
have a cis-octahedral coordination; the steric bulk of the tBu-substituents in 3 forces the ligand to 
twist, lowering the symmetry from C2v (as observed in 4) to C2 (Figure 4). 
Both bpc complexes adopt a C2-symmetric, cis-octahedral N2/N2 geometry (Figure 5). These two 
are the first examples of bis(picolylamino)ethylenediamine CoCl2 complexes to be characterized 
by X-ray structure determination. The structure of [(bpc)CrCl2]+ (an analogue of 5) has been 
reported.13 In addition, several metal dichloride complexes of bis(picolylamino)ethylenediamine 
ligands lacking the cyclohexane ring have been structurally characterized.14 A number of bpc and 
Me-bpc complexes of cobalt with counterions other than chloride have also been reported; all of 
these contain CoIII. Remarkably, all previously reported bpc cobalt complexes have the N3/N 
coordination geometry,15 whereas the three Me-bpc cobalt complexes reported so far all have the 
N2/N2 arrangement.16 Considering the wider class of bis(picolyl)ethylenediamine cobalt 
complexes, there are only a few examples of the N2/N2 arrangement: these include the more 
highly substituted system a17 and the atypical, oxalato-bridged dimer b (Figure 6).18
 68
Cobalt complexes of pyridine-amine ligands 
65
N a1
N a2
Cl a1
N1
N2
Co Cl
1
N1
N2
Cl2
N3
N4
Co
Cl1
 
Figure 5. X-ray structures of (bpc)CoCl2 and (Me-bpc)CoCl2 . Selected bond lengths (Å) and angles (°) for 
(bpc)CoCl2: Co-N1 2.187(4), Co-N2 2.205(4), Co-Cl1 2.4187(14), N1-Co-N1a 170.1(2), N2-Co-N2a 79.8(2), 
Cl1-Co-Cl1a 98.24(8) (atoms labelled a symmetry-related by -x,y,½-z). Corresponding values for 
(Me-bpc)CoCl2: Co-N1 2.147(8), Co-N2 2.134(9), Co-N3 2.255(9), Co-N4 2.236(7), Co-Cl1 2.436(3), Co-Cl2 
2.435(3), N1-Co-N2 173.1(4), N3-Co-N4 78.7(3), Cl1-Co-Cl2 98.24(13). 
Judging from these examples, the N3/N arrangement is generally preferred over N2/N2 by only a 
small margin; substituents at the backbone may cause increased steric hindrance at the “planar” 
Nam and so promote the more extensive folding of the N2/N2 geometry. The N2/N2 geometry 
found in the oxalato-bridged dimer might be caused by steric hindrance between the monomer 
units in the N3/N geometry. Finally, only a single example of the N4 arrangement has ever been 
reported,19 and in that case (c, Figure 6) the geometry is probably enforced by the rigid ligand 
backbone. 
N
Co
N
N
N
N
Co
N
ON
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Co
N
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N
O
O Co NN NN
a b c  
Figure 6. Co complexes of bpc-type ligands. 
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Returning to our CoCl2 complexes, it seems remarkable that even bpc adopts the N2/N2 structure 
here. We believe that the larger size of CoII (compared to CoIII) disfavours formation of the N3/N 
structure and hence is responsible for shifting the balance towards N2/N2. 
In contrast to 3, where the two enantiomeric conformations of the ligand are only slightly different 
and will interconvert in solution, the chiral geometry in 5 and 6 is locked through the coordination 
of the two pyridyl groups. On going from 5 to 6, the introduction of the Nam methyl substituent 
results in a longer Co-Nam distance, which is compensated for by a strengthening of the Co-Npy 
interaction. In addition, the two pyridyl fragments become more nearly orthogonal (angle between 
planes: 121° and 104°, respectively). The rather similar Co-Cl distances in complexes 3-6 indicate 
that the trans-influence of Nam and Npy on the chlorides is similar. 
 
Crystal structures of N3-ligand complexes 
Cl1
Cl2
Co
N2
N3N
1
7  
Figure 7. X-ray structure of (Bn-dla)CoCl2. Selected bond lengths (Å) and angles (°): Co-N1 2.178(2), Co-
N2 2.124(2), Co-N3 2.182(2), Co-Cl1 2.2999(9), Co-Cl2 2.2784(9), N1-Co-N3 157.98(10), N2-Co-Cl1 
111.33(6), N2-Co-Cl2 114.24(6), Cl1-Co-Cl2 134.41(4). 
(Bn-dla)CoCl2 (7) has a pseudo trigonal-bipyramidal coordination geometry, with the two axial 
positions occupied by the two Npy (Figure 7). The rather similar crystal structure of 
(Me-dpa)NiBr2 has previously been reported.20
N3Me2CoCl2 (8) has a trigonal-bipyramidal geometry in the solid state (Figure 8), like its Fe 
analogue21 and dpa complex 7. In contrast, the CoCl2 and FeCl2 complexes of the isopropyl-
substituted N3R ligand have structures which are more nearly square pyramidal.22 Apparently, the 
bulkier aryl groups promote this kind of distortion; a similar effect has been observed in a series 
of β-diiminate complexes.23 In both dpa and N3R complexes, the equatorial nitrogen is closer to 
the metal centre than the axial nitrogens. For 8 this effect is most pronounced, possibly due to 
geometric constraints of the ligand backbone. 
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Co
Cl1N2
N1 N3
Cl2
8  
Figure 8. X-ray structure of N3Me2CoCl2. Selected bond lengths (Å) and angles (°): Co-N1 2.247(2), Co-N2 
2.0371(19), Co-N3 2.265(2), Co-Cl1 2.2730(7), Co-Cl2 2.2578(7), N1-Co-N3 150.42(7), N2-Co-Cl1 
127.14(6), N2-Co-Cl2 119.90(6), Cl1-Co-Cl2 112.92(3). 
EPR measurements 
Six-coordinate (tBu-pyp)CoCl2 (3) and five-coordinate (Bn-dla)CoCl2 (7) both have very broad 
X-band EPR spectra in the range g= 2-6, characteristic of high-spin (S = 3/2) cobalt(II) species 
with a large zero-field splitting (D >> hν). The EPR spectrum of 3 is shown in Figure 9. 
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Figure 9. Experimental and simulated X-band EPR spectrum of (tBu-pyp)CoCl2 (3). Experimental 
spectrum in acetone/MeOH (2:3) at 6 K, 9.64 GHz. (attn. 55 dB, mod. 10 G). 
Complex 3 reveals a nearly axial spectrum with no resolved hyperfine couplings, whereas the 
spectrum of 7 is rhombic and reveals hyperfine coupling with the cobalt nucleus at one of the 
g-tensors (Co, I = 7/2, 102 G). The apparent symmetry from the EPR spectra seems to correlate 
well with the cobalt coordination environments seen in the X-ray structures. The approximate real 
g-values and E/D rhombicity factors derived from simulation of the experimental EPR spectra are 
g11 = 2.17, g22 = g33 = 2.30, E/D ≅ 0 for complex 3 and g11 = 2.03, g22 = 2.05, g33 = 2.20, 
E/D = 0.17 for complex 7. Apart from establishing the spin-state (S=3/2) and the apparent 
coordination environment symmetry, these very broad EPR spectra are not very informative. 
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NMR analysis 
In the report of Nanthakumar a complete interpretation of the paramagnetic 1H NMR spectrum of 
[(tpa)Co(CH3CN)]2+ is presented, which helped us to assign all the peaks in the spectrum of 
[(tpa)CoCl]+ (1+) on the basis of peak positions, line widths and integrals (Figure 10). The signals 
from pyridine H3, H4 and H5 are distinctly sharper than those of pyridine H6 and the methylene 
protons. This seems to be the case for most pyridine-amine cobalt complexes studied here. 
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Figure 10. 1H NMR spectrum of [(tpa)CoCl]+ (1+) in CD3CN. 
Because the NMR shifts of [1]PF6 and [1]2CoCl4 are identical, the same trigonal bipyramidal 
structure is assumed for both. Unfortunately, we did not succeed in growing X-ray quality crystals 
of (dpa)CoCl2 (9). However, its spectrum shows enough similarity to that of [(tpa)CoCl]+ to allow 
a complete interpretation (Figure 11). 
 
For (Bn-dla)CoCl2 (7), however, the extra signals from the benzyl substituent complicated the 
NMR spectrum too much to allow unambiguous assignments. Also, we observed no signals for 
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Figure 11. 1H NMR spectrum of (dpa)CoCl2 (9) in CD3CN. 
 72
Cobalt complexes of pyridine-amine ligands 
the pyridine H3 and H5 protons between 40 and 60 ppm, although this is the most consistent 
feature of our NMR spectra. Since paramagnetic spectra are very sensitive to the surrounding of 
the metal centre, the large differences between the spectra of 7 and 9 may mean that these 
complexes do not have the same geometry. One possibility would be a switch to fac coordination 
of the dpa ligand in 9. This would be inconsistent with the decreased tendency towards folding of 
bpc over Me-bpc discussed earlier. However, the two dpa complexes of Co that have been 
structurally characterized both have fac-coordinated dpa ligands.24
The 1H NMR spectrum of (Me-pyp)CoCl2 (4) showed the usual sharp signal for the pyridine H3 
and H5 hydrogens (at ca. 46 ppm). The methylene and methyl protons have much broader peaks 
and are more sensitive to changes at the paramagnetic cobalt centre. This was shown by 
measuring the spectrum in methanol-d4. The complex remains octahedral after the exchange of 
one Cl for a solvent molecule,7a but nevertheless the different substitution pattern of cobalt results 
in a large downfield shift for the methylene and methyl signals. The fact that these signals are 
more affected than the signals from pyridine hydrogens is probably due to their shorter distance to 
the paramagnetic cobalt ion. 
The 1H NMR of (tBu-pyp)CoCl2 (3) shows sharp peaks for the pyridine hydrogens, shifted 
downfield from those of 4 (Figure 12). Again, the methylene peaks exhibit a pronounced 
downfield shift when changing the solvent from CD2Cl2 to CD3OD, while the peaks from the 
pyridine protons are much less affected. This suggests that in this case a chloride atom is 
exchanged for a solvent molecule as well. The spectrum in CD3CN is comparable to that in 
CD2Cl2, which suggest that in acetonitrile a chloride dissociates less easily than in methanol, 
consistent with conductivity studies Krüger performed on (Me-pyp)CoCl2.7a The tert-butyl signals 
in 1H NMR spectra are difficult to assign in all solvents. In methanol one very broad signal is 
present around -40 ppm which may result from the tert-butyl, but in dichloromethane and 
acetonitrile two broad signals of different intensities are present. It is not clear whether both these 
signals are from the tert-butyl, but even if they are, no explanation for this phenomenon can be 
given. 
 
The 1H NMR spectrum of (bpc)CoCl2 (5) could not be fully assigned, because all signals (apart 
from the NH) have approximately the same intensity and no distinct pattern could be discovered. 
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Figure 12. 1H NMR spectrum of (tBu-pyp)CoCl2 (3) in methanol-d4. 
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The number of signals, however, agreed with the symmetrical structure observed in the solid state. 
(Me-bpc)CoCl2 (6) was never obtained as a single compound. A mixture of two products in a ratio 
of 10:6 or 10:4 was formed in the reaction of the ligand with CoCl2 in CH2Cl2 and CH3CN 
respectively. 1H NMR showed that both products produced twelve paramagnetic signals, the 
number expected for a symmetrically coordinated ligand (i.e. N4 or N2/N2, but not N3/N). Slow 
evaporation of an NMR sample resulted in crystallisation of one of the products (that shown in 
Figure 5). This is probably the major product of the reaction, because both the crystal structure 
and the NMR spectrum show resemblance to those of 5, while the spectrum of the minor product 
shows no obvious similarities to that of 5. Since the minor product also has a symmetrical ligand, 
one possibility would be the N4 structure. This seems unlikely, given that CoII should have an 
even larger aversion to this arrangement than CoIII. Another possibility is that it is a cationic five-
coordinate complex like [(tpa)CoCl]+. A distinction between these two possibilities cannot be 
made at this stage. We were not able to obtain a 13C NMR spectrum for any of the paramagnetic 
complexes. 
 
Five versus six coordination 
The present work shows examples of both five- and six-coordinate structures. It seems that the 
ligand has a large influence on the preference for five- or six-coordination. The N3 donor 
complexes 7 and 8 naturally are five-coordinate, but even the cobalt chloride complex of tpa 
prefers an ionic five-coordinate structure (1+). Five-coordination must be very favourable over 
six-coordination here (compared to pyp and bpc ligands) since even if a large excess of ligand is 
used, one-third of the cobalt is found as the counterion [CoCl4]2
- and free ligand remains. When 
NH4PF6 is then added to the reaction mixture, all cobalt is complexed by the ligand and the 
(presumably also five-coordinate) complex [1]PF6 can be isolated. The other N4 complexes all 
seem to prefer six-coordinate structures, although for complex 6 five-coordination in solution 
cannot be completely ruled out (see NMR description). For 4 the coordination behaviour in 
solution is described in the literature.7a Conductivity studies performed by Krüger showed that 
one chloride is exchanged for a coordinated solvent molecule in methanol, but only partial 
dissociation of one chloride takes place in acetonitrile. Although acetonitrile is generally 
considered to be a better ligand than methanol, methanol is very well suited for the solvation of 
chloride anions. This may be the driving force in the dissociation of chloride from 4. The NMR 
spectrum of 3 shows a similar solvent dependence and suggests that this complex can also 
undergo chloride substitution in methanol. Clearly, complexes of pyp and bpc prefer six-
coordination, even though a chloride can sometimes be removed from the metal by a polar solvent 
molecule. Possibly, five-coordination only occurs when the ligand can easily accommodate a 
trigonal-bipyramidal arrangement or when there is not enough room to accommodate a second Cl- 
atom. 
 
Ethene polymerisation 
All the complexes except 9 were tested for polymerisation activity by treating them with 100 
equivalents of MAO in chlorobenzene under an ethene atmosphere (7 and 35 bar). Most 
complexes did not exhibit any polymerisation activity at all, but pyp complexes 3 and 4 produced 
some polymer. Especially the tert-butyl substituted complex was interesting, because it remained 
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active for a very long time (35 hours), which resulted in an activity of 70 g·mol-1·h-1·bar-1. This is 
a factor 7000 less than the reported cobalt-N3R system (for instance 8) under optimised 
conditions.4a,b GPC analysis of the polymer formed at 35 bar showed that, besides a small amount 
of high molecular weight polyethene, the bulk of the “polymer” had a molecular weight of 
approximately 1000. When the polymerisation was performed in toluene under 7 bars of ethene, 
the polymer did not display this bimodal distribution. Instead, polymer with a Mw of 22.400 and 
polydispersity of 3.7 was formed. It was difficult to optimise the pyp system, because the complex 
seemed to decompose when a fresh batch of MAO was used for the polymerisation experiments; a 
black deposit was formed and the solution turned yellow. 
It has been suggested that the N3R cobalt and iron complexes used by Brookhart and Gibson 
polymerise ethene to high molecular weight polyethene, because the large aryl substituents 
prevent associative displacement of the growing polymer chain. (Bn-dla)CoCl2 (7) has nearly the 
same surrounding of the cobalt centre as precatalyst 8, but lacks the steric bulk above and below 
the active site on cobalt. Indeed, 7 is not active in ethene polymerisation. If this were caused by 
rapid chain transfer, formation of dimers would be expected. The fact that no ethene consumption 
was observed indicates that the lack of steric bulk is not the only obstruction for the reactivity of 
our N3 complexes. Rather, it seems likely that the electronic properties of the ligand are also 
important. For example, N3iPr2CoCl2 apparently is activated via reduction to a low-spin CoI 
species, although the nature of the actual active species is still unclear.25 Our pyridine-amine 
ligands are much weaker π-acceptors than N3R ligands and are unlikely to stabilize the CoI 
oxidation state, let alone induce the switch to a low-spin configuration. Possibly, the main 
problem here is the formation of the active species, rather than the activity it would have once 
formed. 
 
Conclusions 
Analytically pure paramagnetic cobalt(II) complexes were easily synthesised by the reaction of 
CoIICl2 with the appropriate N3 or N4 ligand. Most complexes were air-stable for at least a couple 
of days. Different modes of coordination became apparent from the obtained crystal structures. 
These were correlated with the 1H NMR spectra of the complexes and helped to interpret these. 
Variation of the solvent in the NMR experiments was informative for the behaviour in solution of 
the pyp complexes. The pyp ligands seemed to promote six-coordination, since even when a 
chloride dissociates in solution, a solvent molecule occupies the free coordination site. In contrast, 
tpa appears to favour five-coordination. The bpc complexes 5 and 6 are both six-coordinate in the 
solid state, but for 6 formation of a five-coordinate complex in solution cannot be excluded. Only 
two of the pyridine-amine complexes prepared (3 and 4) showed (low) activity in ethene 
polymerisation. 
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Experimental 
All procedures were carried out under N2 using standard Schlenk techniques unless specified 
otherwise. Acetonitrile, THF, dichloromethane and diethylether were distilled under nitrogen. 
Ethanol and methanol were deoxygenated by bubbling a stream of N2 through the solvent for 15 
minutes. For the synthesis of 5 and 6, CoCl2⋅6H2O was dried for 4 hours at 150 ºC before use. 
Ligands were prepared according to literature procedures. All other chemicals were commercially 
available and used without further purification. 
NMR-measurements were performed on Bruker DPX200, AMX400 and AMX500 spectrometers. 
Chemical shifts are listed in ppm with TMS as external reference (0 ppm). NMR signals for the 
NH protons of paramagnetic complexes were never observed. 
X-band EPR spectra were recorded on a Bruker ER 220 spectrometer. Samples were measured in 
acetone/MeOH (2:3) at 6-10 K. Simulations were performed with the program WEPR (F. Neese, 
University of Konstanz). FAB+- and ESI+-MS spectra were recorded on a Finnigan MAT 900XL 
instrument. 
All crystal structures in this chapter have been published in the Cambridge Structural Database. 
 
 
[(tpa)CoCl]2[CoCl4] ([1]2[CoCl4]) 
To a solution of 248 mg (0.86 mmol; 1.0 equiv.) tpa in 20 ml of ethanol, 205 mg (0.86 mmol) 
CoCl2⋅6H2O was added. Almost immediately a blue solid precipitated. After stirring for 1 hour at 
room temperature, the mixture was filtered. The solid was washed with diethylether and dried in 
vacuo; yield 0.19 g (66%). Crystals suitable for X-ray diffraction were grown by vapour diffusion 
of THF into a saturated acetonitrile solution. The blue product is air-stable as a solid and in 
solution. 
1H NMR (200 MHz, acetone-d6, 298K): δ = 130.1 (3H, py-H6), 108.0 (6H, NCH2), 58.2 (3H, py-
H5), 49.2 (3H, py-H3), -1.7 (3H, py-H4); 1H NMR (200 MHz, acetonitrile-d3, 298K): δ = 134.3 
(3H, py-H6), 107.3 (6H, NCH2), 60.8 (3H, py-H5), 46.2 (3H, py-H3), -3.5 (3H, py-H4). FAB-MS: 
m/e 803 [(tpa)2Co2Cl3]+, 384 [M]+, 349 [M-Cl]+, 291 [M-CH3Py]+, 256 [M-(Cl+CH3Py)]+. ESI-
MS: m/z 384 [M]+, 349 [M-Cl]+.C36H36N8Cl6Co3 (970.25): calcd C 44.56, H 3.74, N 11.55; found 
C 44.41, H 3.79, N 11.47.  
 
[(tpa)CoCl]PF6 ([1]PF6) 
To a solution of 424 mg (1.46 mmol; 1.05 equiv) tpa in 25 ml of methanol, 330 mg (1.39 mmol) 
CoCl2⋅6H2O was added. After addition of 1.2 g NH4PF6 (7.2 mmol, 5.2 equiv.) a green 
microcrystalline solid precipitated. This solid was filtered off, washed three times with 
diethylether and dried under vacuum; yield 676 mg (92%). The product is air-stable as a solid and 
in solution. 
1H NMR (200 MHz, acetone-d6, 298K): δ = 129.8 (3H, py-H6), 107.6 (6H, NCH2), 57.91 (3H, 
py-H5), 49.1 (3H, py-H3), -1.44 (3H, py-H4); 1H NMR (200 MHz, CD3CN, 298K): δ = 134.4 
(3H, py-H6), 107.1 (6H, NCH2), 60.8 (3H, py-H5), 46.2 (3H, py-H3), -3.6 (3H, py-H4). 
C18H18N4PF6ClCo (529.72): calcd C 40.81, H 3.43, N 10.58; found C 40.64, H 3.42, N 10.44.  
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(tBu-pyp)CoCl2 (3)7d
To a warm solution (40 ºC) of 256 mg (0.72 mmol; 1.00 equiv.) tBu-pyp in 35 ml THF 172 mg 
(0.72 mmol) CoCl2⋅6H2O was added. After refluxing for 30 minutes a light-blue solid had 
precipitated. The mixture was cooled to room temperature and filtered. The residue was washed 
twice with small portions of THF and dried under vacuum; yield 275 mg (79 %). 
1H NMR (200 MHz, CD2Cl2, 298K): δ = 81.4 (4H, py-H3), 26.2 (2H, py-H4), 3.1 (?), -9.4 (4H, 
NCH2), -35.8 (4H, NCH2), -43.5, -76.3 (tBu?); 1H NMR (200 MHz, acetone-d6, 298K): δ = 73.8 
(4H, py-H3), 28.3 (4H, NCH2), 18.8 (2H, py-H4), -4.7 (4H, NCH2), -38.6 (tBu). FAB-MS: m/z 
446 [M-Cl]+, 411 [M-2Cl]+, 353 [M-2Cl-tBuH]+.C22H32N4Cl2Co (483.26): calcd C 54.78, H 6.69, 
N 11.62; found C 54.66, H 7.78, N 11.55.  
 
(Me-pyp)CoCl2⋅H2O (4⋅H2O) 
This compound was synthesised according to a literature procedure.[5a] 
1H NMR (200 MHz, CD2Cl2, 298K): δ = 48.0 (4H, NCH2), 46.4 (4H, py-H3), 24.0 (6H, NCH3), 
14.2 (4H, NCH2), 7.2 (2H, py-H4); 1H NMR (200 MHz, methanol-d4, 298K): δ = 117.7 (6H, 
NCH3), 88.8 (4H, NCH2), 46.9 (4H, py-H3), 31.5 (4H, NCH2). 
 
(bpc)CoCl2 (5) 
To a solution of 239 mg (0.81 mmol; 0.99 equiv.) bpc in 7 ml CH3CN, a solution of 106 mg (0.82 
mmol) dried CoCl2 in 10 ml CH3CN was added. The mixture immediately turned bright red. 
Evaporation of the solvent yielded a bright pink compound, which was washed twice with THF 
and dried under vacuum; yield 237mg (68%). Single crystals suitable for X-ray diffraction were 
grown from a saturated CD3CN solution. The product is highly air-sensitive as a solid and in 
solution. 1H NMR (200 MHz, CD3CN, 298K): δ = 195.1 (2H), 88.9 (2H), 52.4 (2H), 26.0 (2H), 
22.0 (4H), 16.2 (2H), 9.2 (2H), 5.6 (2H), 4.2 (2H), 0.4 (2H). 
 
(Me-bpc)CoCl2 (6) 
To a solution of 296 mg (0.91 mmol; 1.03 equiv.) Me-bpc in 12 ml CH3CN, 115 mg (0.88 mmol) 
dried CoCl2 was added. A purple solid precipitated immediately. After 2 hours the mixture was 
filtered and the dark pink residue was dried in vacuo; yield 244 mg (61 %). Additional product 
precipitated from the mother liquor on standing at -20 ºC. Crystals suitable for X-ray diffraction 
were obtained by slow evaporation of a CD2Cl2 solution. The product is air-stable as a solid and in 
solution, though it was very poorly soluble in most organic solvents. 
1H NMR (500 MHz, CD2Cl2, 298K): δ = 164.9 (2H), 104.3 (2H), 102.6 (1.2H), 89.4 (1.2H), 83.0 
(3.6H, NCH3), 61.1 (6H, NCH3), 51.8 (2H), 47.5 (1.2H), 29.7 (1.2H), 24.7 (1.2H), 24.4 (1.2H), 
23.9 (2H), 21.8 (0.8H), 21.1 (2H), 20.5 (2H), 18.6 (2H), 17.4 (1.2H), 15.9 (1.2H), 9.3 (1.2H), 8.1 
(2H), 6.6 (2H), 5.8 (2H), 3.3 (1.2H), -16.93 (2H). FAB-MS: m/z 418 [M-Cl]+, 383 [M-2Cl]+. 
C20H28N4Cl2Co (454.31): calcd C 52.88, H 6.21, N 12.33; found C 51.66, H 6.22, N 12.00.  
 
(Bn-dla)CoCl2 (7) 
To a solution of 111 mg (0.35 mmol; 0.95 equiv.) Bn-dla in 5 ml acetonitrile a solution of 88 mg 
(0.37 mmol) CoCl2⋅6H2O in 10 ml acetonitrile was added. The colour of the mixture immediately 
changed to blue/purple. After stirring for 7 hours at room temperature the volume was reduced by 
half under reduced pressure and a purple precipitate formed. The solid was collected by filtration, 
washed three times with diethylether and dried under vacuum; yield 85 mg (54 %). The purple 
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product is air-stable as a solid and in solution. Crystals of 7, suitable for X-ray diffraction were 
obtained by slow evaporation of an acetonitrile solution. 
1H NMR (200MHz, CD3CN, 298K): δ = 152.0 (2H), 28.0 (2H), 15.6 (2H), 14.6 (2H), 14.2 (2H), 
12.1 (2H), 7.7 (1H, bn-p), -12.0 (2H), -61.1 (6H, py-CH3). FAB-MS: m/z 446 [M]+, 411 [M-Cl]+. 
7⋅CH3CN, C23H26N4Cl2Co (488.32): calcd C 56.57, H 5.37, N 11.47; found C 56.48, H 5.32, N 
11.41.  
 
N3Me2CoCl2 (8)4a
564 mg N3Me2 (1.53 mmol) and 363 mg CoCl2⋅6H2O (1.53 mmol, 1.00 equiv.) were dissolved in 
40 ml THF. Almost immediately a colour change could be observed; a green solid precipitated. 
After stirring for an additional hour at room temperature, this solid was filtered off, washed with 
THF (2×) and hexane (2×), and recrystallised from a layered methanol/hexane (1:1) solution, 
giving 266 mg (0.53 mmol, 35%) of the product as green air-stable crystals. 
1H NMR (200 MHz, CD2Cl2, 298K): δ = 112.0 (2H, py-H3), 36.1 (1H, py-H4), 6.1 (4H, Ar-Hm), 
-1.2 (6H, N=CMe), -12.1 (2H, Ar-Hp), -28.2 (12H, Ar-Me); 1H NMR (200 MHz, methanol-d4, 
298K): δ = 111.9 (2H, py-H3), 36.2 (1H, py-H4), 6.2 (4H, Ar-Hm), -1.1 (6H, N=CMe), -12.0 (2H, 
Ar-Hp), -28.1 (12H, Ar-Me). FAB-MS: m/z 463 [M-Cl]+. 
 
(dpa)CoCl2 (9) 
To a solution of 102 mg (0.52 mmol; 0.91 equiv.) dpa in 5 ml ethanol a solution of 136 mg (0.57 
mmol) CoCl2⋅6H2O in 5 ml ethanol was added. The colour of the mixture changed from light 
purple to dark-blue after stirring for 5 minutes at room temperature. After stirring for 16 hours at 
room temperature, the product was precipitated by adding diethylether. The mixture was filtered 
and the residue washed with diethylether and dried in vacuo; yield 73 mg (42 %). The purple 
product is air-stable as a solid, however it decomposed in solution after being exposed to air for 
one day. 
1H NMR (200 MHz, CD3CN, 298K): δ = 126.1 (2H, py-H6), 120.8 (2H, NCH2), 113.5 (2H, 
NCH2), 55.9 (2H, py-H5), 44.0 (2H, py-H3), -1.1 (2H, py-H4); 1H NMR (200 MHz, CD2Cl2, 
298K): δ = 127.0 (2H, py-H6), 113.6 (2H, NCH2), 110.3 (2H, NCH2), 55.7 (2H, py-H5), 44.6 
(2H, py-H3), -0.80 (2H, py-H4); CDCl3: δ = 126.4 (2H, py-H6), 112.9 (4H, NCH2), 55.1 (2H, 
py-H5), 45.2 (2H, py-H3), -0.7 (2H, py-H4). FAB-MS: m/z 293 [M-Cl]+, 258 [M-2Cl]+. 
 
Polymerisation experiments  
Chlorobenzene was distilled from a small amount of sodium. MAO was purchased as a solution in 
toluene (Witco, 4.96% Al) and used as such. Polymerisation reactions under 7 bar were performed 
in a glass autoclave, reactions under 35 bar were done in a steel (Hastelloy C) vessel. 
A suspension of 33 µmole of the precatalyst in 10 ml of chlorobenzene was transferred under 
nitrogen into a 100 ml autoclave. Under nitrogen-flow 2 ml of MAO (100 equiv.) was transferred 
into a steel tube connected to the top of the pressure vessel. The complete system was put under 
ethylene pressure (7 or 35 bar) and the MAO was added to the reaction mixture after which the 
autoclave was closed. When ethylene consumption had stopped, or after about 6 hours if no 
reaction was observed, the autoclave was opened and the reaction mixture was neutralised by 
adding a mixture of methanol and aqueous HCl (5:1). The mixture was filtered and the 
polyethylene - if formed - was washed several times with methanol and dried under vacuum. 
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Pyridine diimine cobalt complexes1
 
Introduction 
Polymerisation with Fe and Co 
The independent discovery by the groups of Brookhart2 and Gibson3 that pyridine diimine 
complexes (Figure 1) of iron and cobalt are precursors for active polymerisation and 
oligomerisation catalysts has triggered a large research effort around the world.4 The complexes 
were activated with MAO and, depending on the substituents, achieve activities comparable to 
those of early transition metal metallocene complexes. A lot of effort has been put into improving 
and extending this catalytic system, but so far with limited results. Small changes in the ligand 
usually result in much lower activities or lower molecular weight of the polymer5; larger changes 
give virtually inactive compounds and problems with complex formation.6 Nevertheless, 
Fernandes reported high activities with pyridine monoketone monoimine ligands on iron.7
For the original Brookhart/Gibson system, polymerisation with propene or higher olefins does not 
work very well after activation with MAO,8 but pyridine diimine iron catalysts can still be used to 
selectively dimerise α-olefins to linear internal olefins.9 Abstraction of one chloride from a 
pyridine diimine FeCl2 complex with Ph3C[B(C6F5)4] followed by alkylation with R3Al leads to 
higher propene polymerisation activities, but not to high molecular weights (Mn up to 3800).10 
Mechanistic studies on propene oligomerisation shows that initially both 1,2 and 2,1 insertion is 
possible, but the longer oligomers are only formed after 2,1 insertion.11
N
N
R R
N
M ArAr
Cl Cl
M = Fe, Co; R = H, Me;
Ar = substututed aryl ring 
Figure 1. Pyridine diimine Fe and Co pre-catalysts. 
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Polymerisation with iron and cobalt has not led to the formation of new polymers, as was the case 
with the nickel and palladium catalysts discovered by Brookhart a few years earlier.12 There, the 
polymers were highly branched (due to chain walking) and could be made to incorporate 
functionalised monomers.13 There is one report where branched polyethene was found with iron 
and pyridine diimine ligands with pyrenyl and naphthyl substituents on the imine moieties.5g Only 
methyl and ethyl branches were found. This makes it unlikely that some form of chain walking 
had taken place. Reports on the polymerisation of functionalised monomers with pyridine diimine 
catalysts are scarce. Castro reported the formation of poly tert-butyl acrylate with an iron catalyst, 
but there is doubt on the polymerisation mechanism.14 It has been suggested that MAO and not an 
iron complex is responsible for the activity.15 This paper also describes the polymerisation of 
methyl methacrylate with pyridine diimine iron complexes after activation with organoaluminium 
compounds. Britovsek found that pyridine diimine iron catalysts polymerised ethene and several 
polar monomers simultaneously, but no co-polymers were formed.16 In the presence of methyl 
acrylate or 2-vinyl-1,3-dioxolane, the polymerisation activity is significantly reduced. 
 
Studies on pyridine diimine systems 
The potential of polymerising with late transition metal catalysts, especially iron, combined with 
the uniqueness of the iron/cobalt system, prompted investigations into the polymerisation 
mechanism and the requirements to obtain active catalysts. Based on the original experiments, the 
idea was that the bulky aromatic groups provided the specific steric environment of the metal 
centre needed for polymerisation, comparable to what was suspected for the Ni/Pd system. The 
aryl rings are positioned perpendicular to the coordination plane of the ligand with the substituents 
at the 2 and 6 positions above and below the active site at the metal centre, thus preventing 
associative displacement of the polymer chain after β-hydrogen elimination. Bulky substituents 
might also be important in preventing chain transfer to aluminium. However, also electronic 
effects seem to play a role in the activity of pyridine diimine iron catalytic systems.5g,6e,17
 
The actual active species was believed to correspond to those generally accepted for early 
transition metal polymerisation catalysts, that is, a cationic alkyl complex with an available 
coordination site for the incoming monomer (Figure 2).  
N
N
R R
N
MII ArAr
P
+
M = Fe, Co
R = H, Me
P = growing polymer chain  
Figure 2. Presumed structures of pyridine diimine Fe and Co catalysts. 
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Experimental support for this hypothesis is scarce. Both iron and cobalt catalysts are difficult to 
study due to the paramagnetic nature of the complexes, which complicates NMR studies. Besides, 
studying the actual active system is difficult because of the high activity (and hence low 
concentration) and the large excess of MAO used. 
 
Iron and cobalt 
The mechanistic studies published to date do not all point in the same direction. Gibson has 
mentioned preliminary studies of iron-alkyl species that appear to support formation of cationic 
iron alkyl moieties.18 A publication by Talzi claims that neutral rather than cationic complexes are 
the active components when N3RFeCl2 (N3R = pyridine diimine) is activated with either MAO or 
AlMe3 and even that free Me3Al is the actual active component of MAO.19 The active species 
should be dinuclear with two bridging methyl groups between an Fe and an Al atom, similar to 
those proposed for early transition metals after activation with aluminium alkyls.20 This is 
opposite to the statement of Schmidt that free Me3Al does not play a role in the activation of 
immobilised iron catalysts.21
Still, no N3RFe alkyl complexes have ever been isolated and subjected to selective activation. 
There is one report of electron deficient iron alkyl species with nitrogen donors from which the 
alkyl group was abstracted to form a cationic iron(II) complex, but the polymerisation behaviour 
was not mentioned.22 The use of cationic iron or cobalt precursors with pyridine diimine ligands 
led to comparable polymerisation results after activation with MAO as for N3RFe/CoCl2.  
Probably, the same active species was formed after activation, but no cationic alkyl species could 
be identified. Attempts to investigate the polymerisation mechanism by UV/VIS spectroscopy 
showed that the various stages of polymerisation (initiation, propagation and termination) all have 
their characteristic absorptions, but conclusions about the active species were not possible.23 In a 
study of catalyst activation in the iron system using Mössbauer and EPR spectroscopy, Britovsek 
claims that FeIII species account for the active sites in pyridine diimine iron catalysts.24 This was 
concluded on basis of the similarity between the products after activation of N3Me3FeIICl2 (N3Me3 = 
2,6-bis-[1-(2,4,6-trimethylphenylimino)ethyl]pyridine) and N3Me3FeIIICl3 with 100 equivalents of 
MAO. Indeed, both Mössbauer and EPR spectra are similar for both products, but do not 
necessarily point towards FeIII species. In the Mössbauer spectra, the isomer shift of +0.16 mm/s 
could correspond to either FeIII or low-spin FeII (Figure 3). However, the quadrupole splitting of 
0.58 and 0.59 mm/s does not correspond to FeIII (generally between 0.7 and 1.7 mm/s). 
Quadrupole splittings for low-spin FeII on the other hand, generally lie between 0 and 0.8 mm/s. 
In my opinion, the Mössbauer results correspond better to a low spin iron(II) system than to a high 
spin iron(III) system as proposed by Britovsek. This idea is strengthened by a publication by 
Bryliakov.25
EPR data presented by Britovsek have a low signal to noise ratio. This could mean that the EPR 
spectra do not represent the same species as the Mössbauer spectra, but instead result from a 
paramagnetic impurity in the sample. 
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Figure 3. Textbook isomer shifts for Mössbauer data.26
Theoretical studies 
Besides experimental studies, several theoretical studies were published on these systems. 
Griffiths calculated (B3P86 DFT methods) for the N3iPr2Fe system (N3iPr2 = 2,6-bis-[1-(2,6-
diisopropylphenylimino)ethyl]pyridine) that insertion of ethene into the Fe-C bond of a cationic 
N3iPr2FeIIMe+ complex should happen easily.27 The product was N3iPr2FeIIPr+ with a γ-agostic 
hydrogen. The geometries of the calculated structures correspond to those found experimentally 
from the X-ray structures of precatalysts. The aryl rings of the ligand tilt somewhat to 
accommodate the approach of ethene. All the structures calculated in that work have a quintet 
configuration and correspond therefore to high-spin complexes. Compared to the NiII α-diimine 
catalytic system, the energies associated with complexation and insertion are comparable, but the 
barrier of insertion is significantly lower. 
Deng studied this system too (using BP86 DFT methods combined with molecular mechanics 
(MM) for steric contributions) and in addition included termination pathways in the calculations 
(Figure 4) and compared the results with a system without Me and aryl substituents on the imine 
moiety.28 For the smaller model system, it was shown that reaction of cationic FeII-R with ethene 
inevitably leads to a rather stable alkyl-ethene complex. In this complex the alkyl group is 
oriented in the right position for chain transfer, but propagation requires rotation around the Fe-C 
bond. Barriers for both propagation (isomerisation) and chain transfer are too high to overcome 
(respectively 23 and 29 kcal/mol). 
Including steric bulk (“real” system) in the calculations was shown to hinder the approach of 
ethene in the formation of the chain transfer precursor alkyl-ethene complex. Ethene encounters 
repulsion of the isopropyl groups in its path toward the metal centre and this introduces a capture 
barrier absent in the simple model system. To arrive at the precursor for propagation, the alkyl 
chain has to move from the axial to the equatorial position in the cationic iron alkyl complex. This 
electronic process is mainly responsible for the ethene coordination barrier in the propagation  
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Figure 4. Mechanism studied by Deng: a) propagation, b) chain termination. 
pathway. The barrier to formation of the termination precursor is only due to repulsion by the aryl 
rings, since no movement of the alkyl chain is required. Propagation was concluded to be the 
preferred pathway after ethene capture. The rate determining step for propagation is coordination 
of ethene to a cationic FeII alkyl complex with a barrier of 7.1 kcal/mol. The dominant termination 
pathway is β-hydrogen transfer to the monomer with a barrier of 9.0 kcal/mol.29 This difference is 
too small to explain the experimentally encountered molecular weights. The authors argue that the 
theoretical error of 2-4 kcal/mol (because of the difference in nature of the barriers; electronic 
versus steric) could take it close to the expected difference from experiment of 4-6 kcal/mol. An 
additional argument is that all the structures were calculated on the singlet potential energy 
surface (PES), with the triplet PES not much higher. On the triplet PES, the barriers for 
propagation and termination are 8.1 and 7.5 kcal/mol respectively, but the termination precursor is 
15.1 kcal/mol higher in energy than the insertion precursor. This makes propagation highly 
favourable on the triplet PES. The tendency of BP86 to favour low spin geometries could mean 
that the triplet states are actually lower in energy than the singlets. The difference between model 
and “real” system corresponds to the observation in the original experiments that steric bulk was 
necessary to achieve polymerisation activity and that reducing that bulk led to lower molecular 
weights. It does not explain the higher activity observed with smaller substituents (e.g. Me instead 
of iPr on the aryl rings). 
Khoroshun again investigated the same reaction paths by QM/MM methods, but with a density 
functional different from the one used by Deng (B3LYP).30 Again, they find that including steric 
bulk in the calculations shifts the balance between termination and propagation in favour of 
propagation. In contrast with Deng, the reactions do not take place on the singlet potential energy 
surface, but instead on the triplet and possibly quintet potential energy surface, leading to different 
relative energies for the structures of the various pathways. The absence of a detailed comparison 
between the two methods for a similar system makes it difficult to prefer either of the methods.31 
A drawback in all the studies is that chain transfer to aluminium was not taken into account, while 
this is the prevailing termination mechanism according to experimental results. 
Ramos theoretically studied the difference between ethene and 1-hexene polymerisation with the 
N3iPr2Fe system with QM/MM methods (BP86 method for QM part).32 They used the preferred 
propagation and termination pathways and structures found by Deng and confirmed their 
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conclusions. Substituting ethene by 1-hexene led to an increase in both propagation barriers (from 
2.1 to 6.6 kcal/mol) and termination barriers (from 6.6 to 8.4 kcal/mol). Therefore, they conclude 
that ethene propagation is very favourable over 1-hexene propagation in co-polymerisation 
experiments, in agreement with experiment. The difference between the rate limiting step for 
propagation and termination is 4.5 kcal/mol for ethene and only 1.8 kcal/mol for 1-hexene. 
Besides low activity for 1-hexene homo-polymerisation, this means that low molecular weight 
products would be expected with this system. 
For the corresponding cobalt system, only one theoretical study has been reported.33 Margl used 
the same approach for this system as for the iron system studied earlier (BP86 + MM). Again, a 
cationic metal alkyl complex was supposed to be the active species. For these species a doublet 
(low-spin) state is predicted to be the most stable electronic state. Without any substituents in the 
imine part of the ligand, an ethene polymerisation catalyst is predicted that produces low 
molecular weight polyethene. The introduction of steric bulk causes substantial barriers for olefin 
uptake (between 5 and 10 kcal/mol). The actual (experimentally realistic) capture barriers are 
predicted to be substantially higher, because the calculations refer to a 0 K situation and do not 
take into account effects of finite temperature. Increasing steric bulk lowers the olefin insertion 
barrier and increases the termination barriers, which is in agreement with experiment and the 
results for the iron system. However, both β-hydrogen elimination (BHE) and β-hydrogen transfer 
(BHT) barriers were calculated to be too high to account for the experimentally observed rather 
low molecular weights. The dissociated BHE product lies 44 kcal/mol above the cobalt-alkyl 
resting state of the polymerisation cycle. Because of this insurmountable barrier, BHT was 
concluded to be the predominant termination pathway in the investigated system. On the other 
hand, the barrier for BHT was calculated to be 17.7 kcal/mol, which can hardly compete with an 
insertion barrier of 6.2 kcal/mol. The overall conclusion was that neither of the termination 
mechanisms corresponds to experimentally obtained data and that chain transfer to the co-
catalysts may well be the most important termination pathway. Another explanation is that 
different species than the ones calculated play a role in ethene polymerisation on cobalt. 
 
Further use of pyridine diimine catalysts 
Several attempts have been made to heterogenise pyridine diimine catalysts. Ma treated the 
hydroxy groups at a silica surface with MAO.34 Then the pre-catalyst N3iPr2FeCl2 was added to the 
support so that it reacted with the already immobilised MAO. Polymerisation was started by 
activation of the iron complexes with more MAO. It was proposed that steric hindrance of the 
silica support increases the induction period of the catalyst, but decreases the deactivation and 
chain-termination processes. This would lead to longer lifetimes of the catalysts and a higher 
molecular weight of the polymer produced compared to the homogeneous catalyst. The overall 
result was a five-fold decrease in activity relative to the homogeneous system. 
A similar approach was chosen by Schmidt, but without the extra activation with a second 
addition of MAO; similar overall conclusions were drawn. The major difference with the previous 
investigations was that now MAO was formed in situ instead of used as commercially available. 
The authors claim that their method of immobilising in situ partially hydrolysed Me3Al (PHT) on 
dried silica results in 30 times more active catalysts. Because of the relatively large amount of 
water used, they also claim that no free Me3Al could be present anymore in the polymerisation 
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experiments and that Me3Al, therefore, plays no role in the activation of N3RFeCl2 complexes on 
solid support. 
Kaul presented another method of immobilisation.35 One of the ketimine methyl groups was 
functionalised with an allyl spacer and the double bond was reacted with a Si-H bond of an SiR2H 
modified surface in an hydrosilation reaction. The homogeneous allyl functionalised pyridine 
diimine catalysts showed ethene polymerisation activity comparable to the traditional catalysts, 
but a 10-fold lower activity was found for the immobilised catalyst. The immobilised catalysts 
exhibited longer overall lifetimes than the same catalysts in a homogeneous system. This was 
probably due to self-immobilisation of the homogeneous catalyst to the polymer formed by 
incorporation of the allyl double bond into the growing chain and thereby deactivating the 
catalyst. 
Immobilisation of pyridine diimine iron catalysts on dendrimers (four or eight metal centres per 
dendrimer) resulted in an activity comparable to the corresponding homogeneous catalysts at high 
Al/Fe ratios (>1200).36 At lower Al/Fe ratios the immobilised catalysts performed better. In all 
experiments, the immobilised catalysts produced higher molecular weight polymer. 
Another application of the highly active iron catalysts is the combined action of a late transition 
metal oligomerisation catalyst with an early transition metal polymerisation catalyst to produce 
branched polyethene.37 In this case, the iron oligomerisation pre-catalyst has phenyl rings with 
one ethyl group in the ortho position on the imine nitrogens. The polymerisation pre-catalyst is a 
zirconium dichloride complex with an ansa-bis-indenyl as ligand. Activation of the two pre-
catalysts with MAO in one pot under ethene pressure leads to the formation of branched 
polyethene. Variations of the polymerisation catalyst result in different activities and amounts of 
1-alkene incorporation, comparable to traditional ethene/1-alkene co-polymerisation. 
 
Approach 
Inspection of the literature clearly shows that the pyridine diimine iron systems have received 
much more attention than their Co analogues. Despite intensive research, no clear picture of the 
activation route or the actual active species has emerged. The Co system may be less attractive 
(Fe is faster, cheaper and less toxic), but lessons learnt from it might still be useful for Fe. 
Therefore, we decided to study activation of the Co system in some detail. 
N3RCoCl2 complexes usually are activated with MAO. In order to investigate the polymerisation 
mechanism, the active catalytic species has to be identified. MAO is a “black box”; it is not 
known what the structure of MAO is exactly and what happens precisely when it reacts with the 
pre-catalysts. Therefore, the activation has to be mimicked in a selective way. It is generally 
believed that MAO first methylates the metal centre and subsequently abstracts one of the methyl 
groups (Figure 5). The actual active species would then be a cationic monoalkyl complex and 
would catalyse olefin polymerisation in essentially the same way as early transition metals do. 
N3M
Cl
Cl
N3M
Me
X
N3M
Me +
X-MAO-MAO MAO
X = Me, Cl  
Figure 5. Proposed mechanism of activation of N3MCl2 pre-catalysts.
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Our approach to this investigation was to first selectively alkylate N3RCoCl2 complexes using 
various alkylating agents and next to abstract one of the alkyl groups using either acid or a borane. 
Alternatively, one could imagine first abstracting one chloride, using for instance a silver salt, and 
then replacing the second chloride by an alkyl group. Britovsek prepared several cationic halide 
complexes, but did not succeed in converting these into cationic alkyls. 
 
Results 
Reduction 
Activation of pale brown N3iPr2CoCl2 (1) with excess MAO results in a colour change first to deep 
purple and then to bright blue. Alkylation with a slight excess of either MeLi or Et2Zn results in 
five hours in the same purple colour initially observed with MAO. Surprisingly, the 1H NMR 
spectra of both reactions showed that a mixture of diamagnetic compounds had formed. This was 
not expected, because both the starting complex and the target dialkyls are CoII complexes and 
therefore always paramagnetic (diamagnetism is only observed for low-spin CoI or CoIII 
complexes). After filtration of the reaction mixtures, crystallisation from the filtrate led to the 
isolation of air sensitive, but pure compounds. The products obtained with MeLi and Et2Zn were 
identical, according to 1H NMR. The spectrum showed all the expected signals for the pyridine-
diimine ligand, but shifted compared to uncoordinated ligand. Especially the signals for the 
pyridine H4 (9.53 ppm) and the imine methyl group (0.05 ppm) were observed at unusual 
positions. The origin of these exceptional shifts will be discussed later in this chapter. Both MeLi 
and Et2Zn are known to be reducing as well as alklylating agents and therefore we concluded that 
a low-spin square planar CoI complex had formed, presumably the mono-chloride N3iPr2CoCl (2). 
Elemental analysis was consistent with this hypothesis. At this stage, the formation of a dimer 
with chloride bridges could not be ruled out, but molecular modelling indicated that the bulkiness 
of the isopropyl groups of the ligand would cause too much steric hindrance for the formation of 
this dimer. 
Square planar CoI complexes are quite rare. All square planar CoI complexes reported thus far are 
forced in that geometry by large macrocyclic ligands such as porphyrins39 or other 
tetraazamacrocycles.40 We were not able to produce X-ray quality crystals, probably due to loss of 
co-crystallised toluene, but Gibson did report the structure of this complex (Figure 6).1a It showed 
the expected square planar geometry with some variations in the ligand compared to the CoII 
starting material. As expected, the imine and pyridine C-N bonds are longer than in the CoII 
complex, while the distance between the Cimine and CPy is shorter (see below). 
 
In order to test the generality of this reduction reaction, several other alkyl zinc (Np2Zn) and 
lithium (NpLi, tBuLi, LiCH2SiMe3) compounds were used. In most cases, the same colour change 
occurred as with MeLi and Et2Zn (with NpLi the mixture coloured deep green-blue), but no clear 
NMR spectra could be obtained. Crystallisation did not produce the desired product either. It 
seems that Et2Zn and especially MeLi are best suited to obtain the CoCl complex, although 
reaction with two equivalents of LiCH2SiMe3 leads directly to the reduced and alkylated product 
(see alkylation paragraph). 
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Figure 6. X-ray structure of N3iPr2CoCl by Gibson.1a Selected bond lengths (Å) and angles (°): Co-N1 
1.9156(33), Co-N2 1.7979(30), Co-N3 1.9125(31), Co-Cl 2.1806(12), N1-Co-N2 81.34(14), N1-Co-N3 
162.91(13), N1-Co-Cl 98.91(10), N2-Co-N3 81.58(14), N2-Co-Cl 179.14(10), N3-Co-Cl 98.16(10). 
Besides the isopropyl substituted ligand, we also tried the reduction with the CoCl2 complexes of 
the dimethyl substituted and the mesityl ligand with MeLi. In both cases, diamagnetic species 
were formed, but not as cleanly as for the isopropyl ligand. Again, peaks with extreme shifts were 
present, probably corresponding to the imine methyl and pyridine H4 protons. It seems that the 
reduction of CoIICl2 complexes of pyridine diimine ligands with RLi or R2Zn is quite general, but 
reaction conditions will have to be optimised for every reaction separately. We have not done this 
and continued our research with N3iPr2CoCl2 and MeLi for the reduction. 
 
Alkylation 
The reduction from CoII to CoI is not a dead end. Activation of 2 with MAO resulted in a catalyst 
that had the same activity and molecular weight as that derived from 1, suggesting that 2 is on the 
activation pathway of 1. One possible path would be alkylation of 2 to a mono alkyl cobalt(I) 
complex, followed by one-electron oxidation to a cationic monoalkyl cobalt(II) complex. For 
pyridine diimine MnII complexes reduction and alkylation of the metal centre was observed upon 
reaction with two equivalents MeLi.41
In some attempts to reduce 1 with MeLi, the 1H NMR spectrum contained 5-10% of a side 
product with peaks similar to that of 2. After crystallisation of the monochloride complex, the 
mother liquor contained this second product for more than 50%. We suspected that excess MeLi 
had methylated some of the monochloride complex during the reaction. When pure 2 was treated 
with excess MeLi in either benzene or toluene methylation occurred very slowly. After three days 
only 10% of the starting material was converted. The conversion could be improved to ca. 80% in 
three days by changing to Et2O as the solvent, but continuing the reaction for too long led to the 
formation of other products. Purification proved troublesome as well. Crystallisation did yield 
pure N3iPr2CoMe (3), but only enough for characterisation by 1H NMR. The fact that the 
methylation of pure N3iPr2CoCl proceeds very slowly seems hard to reconcile with the observation 
that a substantial amount of N3iPr2CoMe was formed as a side product in the reduction of the CoII 
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starting material. Performing the reduction in the presence of an internal standard to check the 
mass balance, it was found that one equivalent of MeLi converted 1 in 0.6 equivalents of 2 and 
0.2 equivalents of 3. 
It seems that 20% of the starting material had reacted twice with MeLi to form 3. The overall 
reaction with MeLi can be written thus: 
 
4 N3iPr2CoCl2 + 5 MeLi ´ 3 N3iPr2CoCl + N3iPr2CoMe + 5 LiCl + 4 Me· 
 
Since N3iPr2CoCl reacts only very slowly with MeLi, another intermediate must be responsible for 
the formation of the methyl complex. This intermediate could be N3iPr2Co(Cl)(Me), the presumed 
initial product of the reaction of MeLi with N3iPr2CoCl2. With this assumption, the mechanism 
shown in Figure 7 could be envisioned. Of course, this is completely speculative. 
N3
RCo
Cl
Cl
N3
RCo
Me
Cl
N3
RCo N3
RCo
Me
Me
Cl
+ Cl
N3
RCo Me
- Me
3
MeLi (slow)
MeLi
- Me MeLi
 
Figure 7. Speculative scheme for the reaction of N3iPr2CoCl2 with MeLi. 
All these reactions were performed with solid MeLi, which is very poorly soluble in toluene. 
Changing to alkylating agents that were better soluble in the solvent resulted in much faster 
reactions. Using AlMe3 as the methylating agent did result in a faster reaction, but still 40% of the 
starting material remained after 18 hours. Besides, various aluminium compounds were probably 
formed. N3iPr2CoCl reacted with Bn2Mg in two hours to the corresponding benzyl complex and 
with LiCH2SiMe3 in ten minutes to the alkyl complex (Figure 8). 
All the CoI alkyl complexes showed the unusual shifts mentioned earlier for N3iPr2CoCl. Figure 9 
shows the spectrum of N3iPr2CoBn (4) as a representative example. The benzyl group of 4 is 
situated in the π-clouds of the aryl rings of the ligand as can be concluded from the 1H NMR 
shifts (upfield shift due to shielding). The ortho protons were found at 5.60 ppm; for the meta and 
especially the para hydrogens the effect is less pronounced. The fact that the two hydrogens at the 
methylene, the ortho and the meta positions of the benzyl group were equivalent, as were the four 
isopropyl groups, indicated fast rotation around the Co-C bond. 
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Figure 8. Synthesis of CoI complexes. 
N3iPr2CoCH2SiMe3 (5) could be crystallised from hexane at -35 °C in a form suitable for X-ray 
diffraction. As was already expected based on NMR data, 5 is a square planar CoI complex 
(Figure 10). It is the first structurally characterised CoI-alkyl complex with nitrogen donor 
ligands. All the previously reported crystal structures of CoI alkyl complexes combine 
trimethylphosphine ligands with a π-acceptor ligand.42 The most noticeable difference between 5 
and the corresponding CoII dichloride is the shortening of the Co-N bonds by 0.2-0.3 Å, caused by 
the contraction of the cobalt radius because of the transition from high spin CoII to low spin CoI. 
Since the pyridine diimine ligands are very good π-acceptors,43 the better π-back donating 
properties of CoI compared to CoII may also play a role. The increased π-back donation is 
apparent from the long imine double bonds and the short CPy-Cimine bonds. From these bond 
lengths the amount of back donation can be estimated44 as approximately a full electron for 5 
compared to virtually no back donation for N3iPr2CoCl2. From the crystal structures of 
[N3iPr2CoN2]+ 1a (6) and N3iPr2CoCl1a the back donation for these complexes was estimated as 
approximately a half and one electron, respectively (Table 1). 
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Figure 9. 1H NMR spectrum of N3iPr2CoBn. 
Table 1. Distances and estimated π-back donation. 
Complex imine C=N (Å) CPy-Cimine (Å) qtrans
free ligand 1.266/1.273 1.485/1.489  
1 1.277/1.280 1.490/1.495 -0.0012 
6 1.304/1.303 1.458/1.464 0.5686 
2 1.316/1.322 1.437/1.445 0.9277 
5 1.327/1.330 1.436/1.434 1.0711 
 
In the crystal lattice the molecules occur in pairs related by a centre of inversion. The two 
molecules of each pair have parallel pyridine rings in close contact with each other. The distance 
between the ring planes is about 3.5Å, which is suggestive of π-stacking. This pairing in the 
crystal lattice was not observed for any of the reported crystal structures of FeII or CoII compounds 
with this type of ligands or the CoI complexes 2 and 6 reported by Gibson.1a Slagt reported a 
structure where a similar interaction was present between two aryl rings of NCN pincer ligands in 
a Pd complex.45
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Figure 10. X-ray structure of N3iPr2CoCH2SiMe3; a) top-view, b) side-view. Selected bond lengths (Å) and 
angles (°): Co-N1 1.9291(17), Co-N2 1.8369(16), Co-N3 1.9202(17), Co-C1 1.984(2), N1-Co-N2 80.28(7), 
N1-Co-N3 161.00(7), N1-Co-C1 99.08(8), N2-Co-N3 80.72(7), N2-Co-C1 165.91(9), N3-Co-C1 99.36(8). 
When a solid sample of N3iPr2CoCH2SiMe3 was stored at room temperature for some time under 
an inert atmosphere, part of the material had decomposed into a new compound. The 1H NMR 
spectrum showed ca. 80% of N3iPr2CoCH2SiMe3 and peaks of an asymmetric pyridine diimine 
complex. Also present was a peak at 0 ppm. It was concluded that some form of C-H activation 
had occurred, probably with one of the Me groups of the isopropyl part of the ligand (Figure 11). 
Consequently TMS was released from the complex, explaining the peak at 0 ppm and the complex 
had become asymmetric. Further evidence that this decomposition product was a Co alkyl 
complex came from the reaction with hydrogen. N3iPr2CoI alkyl complexes form N3iPr2CoH (7) in 
the presence of excess hydrogen (see below) and so does the partly decomposed mixture of 5. Of 
course, once the C-H activated isopropyl group is hydrogenated, no distinction can be made 
between the hydride complex formed from 5 and that formed from its decomposition product and 
indeed only N3iPr2CoH was present in the NMR spectrum. Reaction with D2 instead of H2 could 
reveal whether deuterium indeed ends up in the isopropyl group, but we did not perform this 
experiment. Similar C-H activation of iPr groups has been reported, although not in the solid 
state.46
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Figure 11. C-H activation in N3iPr2CoCH2SiMe3. 
Reactions with H2
47
The alkyl complexes N3iPr2CoMe, N3iPr2CoBn and N3iPr2CoCH2SiMe3 were used as catalysts for 
the hydrogenation of olefins. Addition of small quantities of olefin to any of the CoI alkyl 
complexes in NMR experiments showed that the alkyl complexes did not react with the olefins, 
but upon addition of excess H2 to the NMR samples, all the olefin was hydrogenated48 and the Co 
complex was present as N3iPr2CoH. When again some olefin was added to the sample, N3iPr2CoH 
was transformed into an alkyl complex (Figure 12). This cycle could be repeated several times 
and hydrogenation activities of up to 104 mol·bar-1·h-1·mol-1 could be achieved when the cobalt 
complex was used as a catalyst. 
N
N N
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R
ArAr
N
N N
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N N
Co ArAr
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Figure 12. Formation of N3iPr2CoH and its transformation to an alkyl complex. 
When 1-hexene, 2-pentene or ethene was used in these experiments in excess, the product of the 
reaction seemed to be the corresponding primary alkyl complex.49 The ligand signals in the 1H 
NMR spectrum were comparable to those of the other CoI alkyl complexes. Of the alkyl group, 
the signals for the β-hydrogens were most characteristic and best visible. They were present as a 
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quintet at -0.9 ppm for the higher alkyls and as a triplet at -1.2 ppm for the ethyl group. This high 
field shift may either be due to shielding of these hydrogens by the aryl rings of the ligand or to a 
β-agostic interaction quickly alternating between the β-hydrogens.50 It was clear that the complex 
was not present as a hydride-olefin complex. N3iPr2CoEt (8) could easily be obtained pure by 
removing solvent and volatile material from the reaction mixture of 7 and excess ethene. 
These experiments demonstrate that, although olefins do not insert in the Co-C bond of N3iPr2CoR, 
they do insert in the Co-H bond of 7. This same behaviour has also been observed for the 
complexes Cp2TiR and Cp2TiH.51 For Cp*Rh complexes it was also shown that insertion of an 
olefin into an Rh-H bond is easier than into a Rh-C bond.52
 
NMR shifts53
All the square planar CoI complexes studied in this work exhibit unusual shifts in their 1H NMR 
spectra. Most signals were present in the region were they could be expected, but the pyridine-H4 
signal had shifted up to 2.8 ppm downfield compared to the free ligand and the ketimine methyl 
signal up to 3.9 ppm upfield. Corresponding rhodium complexes do not display this behaviour.54
 
Table 2. 1H NMR shifts and ∆E(singlet triplet) of CoI complexes. 
Complex δ Py-H4 (ppm) δ N=CMe (ppm) ∆E (kcal/mol) 
free ligand 7.97 2.30  
2 9.53 0.05 8.4 
5 9.89 -0.85  
4 10.27 -1.16  
3 10.19 -1.15 7.2 
8 10.25 -1.33  
7 10.80 -1.65 5.6 
 
It is obvious from Table 2 that the shift difference with the free ligand increases with increasing 
ligand field of the group X on Co. From DFT (B3-LYP) calculations, it became clear that the 
square planar CoI complexes are best regarded as low spin CoII complexes antiferromagnetically 
coupled to a ligand radical anion.55 The calculations show that the lowest lying triplet state in 
these systems lies only a few kcal/mol above the ground state and the singlet-triplet separation 
decreases with increasing ligand field strength of the group X. The singlet-triplet gaps are so small 
that there could already be a sizeable thermal population of the triplet state at room temperature. 
The observed NMR shifts would then be weighted averages containing a contribution of the 
triplet-state paramagnetic shift. The easier accessibility of the triplet state for complexes with a 
larger ligand field strength of the group X results in more extreme shifts in the measured NMR 
spectra. The changes in observed shifts suggest that the triplet population changes only by a factor 
of ca. 2 over the whole range of Cl to H, corresponding to a gap change of about 0.3 kcal/mol. 
This is smaller than the calculated change of about 2.5 kcal/mol, but the trend is consistent. For 
rhodium, the complexes have a RhI centre with a neutral ligand and lack the low-lying triplet state 
required to produce NMR spectra with a paramagnetic contribution. 
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Ethene polymerisation 
None of the CoI complexes mentioned above is itself active in ethene polymerisation. However, 
each of them can be activated with MAO. 
Testing the N3iPr2CoCl and the CoI alkyl complexes under identical conditions showed that all the 
systems produced polyethene at approximately the same rate and with the same characteristics as 
that derived from N3iPr2CoCl2 (see Table 3). 
 
Table 3. Polymerisation results. 
  GPC data DSC data NMR data 
Catalyst 
precursor 
rel. 
rate 
Mw 
x10-3 
Mpa 
x10-3 
Mn 
x10-3 
Mw/
Mn 
Tm2 
(°C) 
∆H2 
(J/g) 
unsaturated 
e.g.’s per 
1000C (1H) 
saturated 
e.g.’s per 
1000C (13C) 
1 100 20.6 20.8 5.99 3.1 135.4 243.5 1.3 2.1 
1(duplo) 92 27.1 18.9 5.53 4.9 n.d. n.d. n.d. n.d. 
2 120 36.8 21.1 10.0 3.7 133.1 235.7 n.d. 2.4 
3b 81 24.4 22.3 9.8 2.5 n.d. n.d. 0.9 1.2 
4 109 34.7 21.1 10.9 3.2 n.d. n.d. 0.8 1.6 
5 105 32.4 21.7 10.4 3.1 133.1 232.1 0.7 1.2 
8 132 23.3 20.7 10.4 2.3 133.6 233.9 n.d. 1.6 
 n.d. not determined 
 a Mp is the distribution maximum or peak molecular weight 
 b mixture of 3 (84%) and 2 (16%) 
 
Determining the melting point of the polyethene formed with the various pre-catalysts using 
differential scanning calorimetry (DSC) showed that all samples contained linear polyethene. 
Besides, NMR analysis showed that all samples contained similar amounts of saturated and 
unsaturated endgroups. The ratio between saturated and unsaturated endgroups (between 2:1 and 
1:1, with a fairly large error margin) indicates that some chain transfer to aluminium took place. 
The major part of the unsaturated endgroups was vinylic, indicating that there was little 
isomerisation. The values for Mn and Mw determined from gel permeation chromatographic 
(GPC) data do not appear consistent, but this is due to the contribution of small amounts of low 
molecular weight (1) or high molecular weight (CoI complexes) material. When the GPC traces of 
the various samples are plotted in the same graph (Figure 13), it becomes clear that the traces of 
the major polymer fraction are superimposable and that all samples have virtually identical peak 
molecular weights. 
All this data suggests identical or very similar polymerisation catalysts. Of course, we do not 
know at this stage what happens exactly after activation with MAO. However, it would be strange 
that all the precursors tested form the same product unless they are part of the same activation 
process. In other words, it seems likely that N3iPr2CoCl and N3iPr2CoR (the nature of the alkyl 
group should be unimportant) are intermediates “en route” from N3iPr2CoCl2 to the actual active 
species. 
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Figure 13. GPC traces of the various polymerisation experiments. 
To test this hypothesis, 1 was reacted with two equivalents of MAO in an NMR experiment. The 
1H NMR spectrum contained several signals from MAO, toluene and residual THF from the 
synthesis of 1, some of them overlapping the product signals, but it was clear that only 2 was 
visible besides them. This means that two equivalents of MAO reduce 1 instantaneously and 
quantitatively to 2, instead of methylating it, as is generally believed. Furthermore, addition of 
another two equivalents of MAO to the NMR sample showed that no more 2 was present and that 
3 was formed. The spectrum, of course, contained a lot of MAO, toluene and even TMA, but the 
most explicit signals (Py-H4 and N=CMe) were visible at positions characteristic for 3 and absent 
at positions corresponding to 2. 
This strongly suggests that the reduction and alkylating reaction described here are actual models 
for the reactions of N3iPr2CoCl2 with MAO prior to the actual activation step. This also makes the 
assumption of a CoII active species less logical.56
 
Activation with borane 
Boranes, for instance B(C6F5)3, are often used as activator for polymerisation experiments. 
Usually, they are used to abstract an alkyl group from the metal57 or to activate a coordinated 
olefin molecule.58 In the present case, there is no obvious way in which a borane could react with 
N3iPr2CoMe or other CoI complexes to produce a polymerisation catalyst. Nevertheless, 
experimentally N3iPr2CoMe by itself does not insert olefins, but it does so after activation with the 
Lewis acid MAO. Therefore, we decided to study the reactivity of N3iPr2CoMe with the Lewis 
acid B(C6F5)3. 
When a mixture of 3 and 2 (9:1) was reacted with a small excess of B(C6F5)3 in the presence of a 
small amount of ethene in C6D6, a colour change took place from deep purple to bright blue. A 
similar colour change was observed after the initial pale brown to deep purple change when 1 was 
activated with a large excess of MAO. 1H NMR showed that all the peaks from 3 had shifted, but 
no evidence was found for coordinated ethene. Still, the new complex was diamagnetic. 19F NMR 
showed two sets of peaks. No residual borane was present. Peaks at -132.2, -164.9 and -167.3 
ppm could well correspond to uncoordinated MeB(C6F5)3,59 but this was not proven. The presence 
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of more peaks indicates that the reaction was not clean. No polymer was formed in this 
experiment. 
4 and 5 did not react with B(C6F5)3, but upon addition of a small excess of B(C6F5)3 to a solution 
of 8 in C6D6, again a colour change to bright blue occurred and a small amount of sticky solid 
precipitated. Addition of a small amount of ethene did not result in the formation of polymer. 
When part of this suspension was dissolved in toluene and put under 7 bars of ethene, however, 
the temperature rose quickly and after depressurisation polyethene was visible. To quantify the 
result of the polymerisation reaction, the reaction was repeated with determined intake quantities. 
Half of a suspension of 8.8 mg 8 and 1.23 equivalents of B(C6F5)3 in C6D6 was dissolved in 40 ml 
of toluene and kept under 7 bar of ethene for 15 minutes. The activity of the system turned out to 
be only 20 fold lower than when 8 was activated with 1000 equivalents of MAO. This is 
remarkable since no scavenger was present in this reaction: scavenging of impurities is a 
important role of the large excess of MAO usually applied in polymerisation experiments. 
Of the products after reaction with 1.23 equivalents of B(C6F5)3 a clear 1H NMR spectrum was 
obtained. All the ligand peaks could be assigned except for the ketimine methyl signal. In a 
publication by Gibson this signal was found at 0.73 ppm,1a in which case it would overlap with 
one of the doublets of the isopropyl groups of the ligand. Signals for a coordinated ethyl group 
were not identified, but a peak at 4.7 ppm was present which, according to Gibson, corresponds to 
coordinated ethene. 19F NMR in C6D6 showed three sets of C6F5 peaks. From comparison with a 
spectrum of pure B(C6F5)3, it was concluded that a minor product was residual borane. Literature 
values for EtB(C6F5)360 and HB(C6F5)361 could correspond with the remaining peaks in the 
spectrum. However, shifts for this kind of complexes differ little and are sensitive for variations in 
solvent62 and the amount of interaction between anion and cation.63 The quality of the 19F NMR 
spectrum was too low to correlate the signals on basis of their coupling constants; most peaks 
were present as broad singlets. 
Performing the reaction in C6D5Br to enhance the solubility gave different results. Instead of a 
clear diamagnetic spectrum, 1H NMR showed a mixture of products, both dia- and paramagnetic. 
It is likely that the halogen of the solvent plays some role in this reaction. When this mixture was 
put under ethene pressure, however, polymer was formed with an activity ca. 100 fold lower than 
for N3iPr2CoEt and MAO. 
Analysis of the polymer formed after reaction in C6D6 and C6D5Br revealed that it was similar to 
the polymer described before. That means that even after activation with borane an active species 
was formed similar to that after activation with MAO. The lower activity may be due to 
decomposition of the catalyst during polymerisation, because no scavenger was present in these 
reactions. It is also possible that more than one equivalent of borane is required for full activation. 
Gibson reported that the methyl group was selectively removed from N3iPr2CoMe by B(C6F5)3 
giving N3iPr2CoL, where L could be N2 or ethene.1a He observed the formation of polyethene in an 
NMR experiment as well. Polymerisation (with rather low activity) was even observed after 
removal of the Cl group from 2 with Li[B(C6F5)4].64 In this case no (former) metal-bound alkyl 
group has ever been present to start a growing chain. No conclusions about the polymerisation 
mechanism were drawn. 
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Speculation on the active species 
In this research, it was demonstrated that the first steps of activation are reduction to CoICl and 
alkylation to CoIR. The general opinion about the active species in this system is that it is an 
unsaturated cationic CoII alkyl complex. Although these two ideas do not exclude each other, the 
first one does not logically lead to the second one either. In the remainder of this section, we will 
speculate on ways in which MAO or borane could generate the final active species from N3RCoR. 
 
Oxidative processes 
One possibility is that the CoI complexes formed in the first steps of the activation process are 
being re-oxidised under polymerisation conditions. This can happen in several ways: 
- One-electron oxidation of N3RCoIR would lead to the presumed active catalyst N3RCoIIR+. We 
were not able to perform this reaction using ferrocenium as oxidant and it is unlikely that any 
of the reagents present under polymerisation conditions is capable of oxidising CoI. If 
anything, MAO and Me3Al can be regarded as reducing agents. Only borane could act as 
one-electron oxidant. 
- Disproportionation of two CoI alkyl complexes would lead to the formation of a Co0 and a 
CoII complex. The Co0 complexes would not participate in the polymerisation process, so the 
actual activity of the active species would be twice as high as calculated from the 
polymerisation experiments. What role MAO or borane could play to facilitate this 
disproportionation is not clear. 
- Formation of [N3RCoI(C2H4)]+ by alkyl abstraction and oxidative activation of this by MAO 
could give [N3RCoIII-CH2CH2-(MAO)]+. This could then itself be the active species, or it 
could comproportionate with N3RCoIMe to give [N3RCoIIMe]+ and N3RCoII-CH2CH2-(MAO), 
both of which could start a growing chain. Activation by borane could follow a similar path. 
- Formation of cationic [N3RCoI]+ from N3RCoIMe, followed by oxidation of a second 
equivalent of N3RCoIMe by [N3RCoI]+ would lead to N3RCoIIMe+ and “N3RCo0”. This is 
actually a combination of the previous two possibilities and would also explain the role of the 
Lewis acid activator. 
- As a variation on the above theme, C-H activation (e.g. of an ethene molecule) could also 
convert a CoI species into a CoIII species, which could either be active itself or 
comproportionate with CoI to give two CoII complexes. The role of the activator in this 
reaction is not clear; for oxidative addition to N3RCoR no activator would be necessary, but 
complexes [N3RCoI(C2H4)]+ formed from N3RCoR and activator are less likely to undergo 
oxidative addition than their neutral precursors. Coupling of two ethene molecules to a 
metallacycle in [N3RCoI(C2H4)2]+ would also produce CoIII.65
 
Non-oxidative processes 
Alternatively, it could be possible that none of these reactions takes place and that MAO activates 
CoI alkyl complexes without a change in oxidation state. Still, some form of activation has to take 
place, because for the CoI complexes themselves no polymerisation was observed. 
Interesting in this respect is the observation by Bianchini that pyridine monoimine 
monothiophenyl cobalt complexes were ethene oligomerisation catalysts after activation, with 
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activities at least two orders of magnitude higher than those reported for pyridine diimine cobalt 
catalysts under comparable conditions.66 The LCoCl2 starting materials are probably tetrahedral, 
but indications were present that after activation a square planar metal environment was formed. 
Apparently, the weaker coordinating sulphur atom increases the activity of the catalyst. This could 
indicate that the three donor atoms of the pyridine diimines are not all necessary to stabilise the 
catalyst and that one of the imines is mainly essential for the steric shielding of the metal centre 
by its aryl substituent. Maybe, MAO or borane in our system abstracts an imine donor from Co, 
thereby inducing the right surrounding of the metal centre to start polymerisation. In that case, it 
would not be the alkylating or alkyl abstracting ability of MAO that is responsible for the last step 
of the activation, but its Lewis acidity. This would also explain the similar behaviour after 
activation with B(C6F5)3. 
 
Conclusions 
At present, we do not have enough information to decide which (if any) of the above proposals is 
correct. It has become clear that activation of N3RCoCl2 by MAO is not a straightforward process 
and that many possibilities need to be considered. The involvement of both diamagnetic and 
paramagnetic species is a serious complicating factor hampering the further work that is obviously 
required. Reduction of N3RMCl2 and N3RMCl3 complexes on alkylation seems to be a recurring 
theme in the chemistry of the pyridine diimine ligand.67 It is relevant to activation of N3RCoCl2 
and may well be relevant to activation of N3RFeCl2 too. The standard assumption of an [N3RMR]+ 
type of activation may be unjustified for both cobalt and iron complexes of the pyridine diimine 
ligand. 
 
Experimental 
All reactions were performed under N2 using standard Schlenk techniques or in a dry-box unless 
specified otherwise. 
Solvents were distilled from appropriate dying agents prior to use. 
 
MAO was used as a solution in toluene of 5.21% Al (batch I) and 4.88% Al (batch II) (purchased 
from AKZO). 
Polymerisation reactions were performed in a glass autoclave. 
Preparation of the polymerisation mixture was carried out under a nitrogen atmosphere. 
 
NMR-measurements were performed on Bruker DPX-200, AMX-500, Varian VXR-200, gemini-
300, or inova 400 spectrometers. Chemical shifts are listed in ppm with TMS as external reference 
(0 ppm). FAB+-MS spectra were recorded on a Finnigan MAT 900XL instrument. 
GPC and DSC measurements were performed at Rapra Technology Limited (UK). 
 
N3iPr2CoCl2 was synthesised according to literature procedures.3b 
 
The crystal structure of complex 5 has been published in the Cambridge Structural Database. 
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N3iPr2CoCl (2) 
1.24 g (1.83 mmol) 1 and 46.4 mg (2.12 mmol, 1.16 equiv.) MeLi were suspended in 10 ml 
toluene. After stirring for 5 hours at room temperature, the colour had changed from pale brown to 
deep purple and the mixture was filtered over celite. Purple crystals were obtained by 
crystallisation from the filtrate at -35 ºC. Washing with hexane and drying yielded 323 mg (0.561 
mmol; 31%) of 2. 
1H NMR (300 MHz, C6D6, 298K): δ 9.53 (t, 1H, J = 7.7 Hz, Py-H4), 7.41 (t, 2H, J = 7.7 Hz, Ar-
Hp), 7.26 (d, 4H, J = 7.8 Hz, Ar-Hm), 6.91 (d, 2H, J = 7.8 Hz, Py-H3), 3.33 (sept, 4H, J = 6.9 Hz, 
CHMe2), 1.17 (d, 12H, J = 6.9 Hz, CHMeMe), 1.05 (d, 12H, J = 6.9 Hz, CHMeMe), 0.05 (s, 6H, 
N=CMe). 1H NMR (300 MHz, THF-d8, 298K): δ 10.05 (t, 1H, J = 7.7 Hz, Py-H4), 7.66 (d, 2H, J 
= 7.8 Hz, Py-H3), 7.36 (t, 2H, J = 7.5 Hz, Ar-Hp), 7.22 (d, 4H, J = 7.5 Hz, Ar-Hm), 3.18 (sept, 4H, 
J = 6.9 Hz, CHMe2), 1.21 (d, 12H, J = 6.9 Hz, CHMeMe), 0.76 (d, 12H, J = 6.9 Hz, CHMeMe), 
0.46 (s, 6H, N=CMe). 1H NMR (300 MHz, C2D2Cl4, 298K): δ 10.05 (t, 1H, J = 7.7 Hz, Py-H4), 
7.48 (d, 2H, J = 7.7 Hz, Py-H3), 7.38 (t, 2H, J = 7.5 Hz, Ar-Hp), 7.23 (d, 4H, J = 7.5 Hz, Ar-Hm), 
3.12 (sept, 4H, J = 6.9 Hz, CHMe2), 1.17 (d, 12H, J = 6.9 Hz, CHMeMe), 0.70 (d, 12H, J = 6.9 
Hz, CHMeMe), 0.37 (s, 6H, N=CMe). 1H NMR (200 MHz, acetone-d6, 298K): δ 10.16 (t, 1H, 
J = 7.8 Hz, Py-H4), 7.77 (d, 2H, J = 7.8 Hz, Py-H3), 7.40 (t, 2H, J = 7.6 Hz, Ar-Hp), 7.26 (d, 4H, 
J = 7.5 Hz, Ar-Hm), 3.23 (sept, 4H, J = 6.8 Hz, CHMe2), 1.23 (d, 12H, J = 6.8 Hz, CHMeMe), 
0.79 (d, 12H, J = 6.8 Hz, CHMeMe), 0.56 (s, 6H, N=CMe). 13C NMR (100 MHz, C6D6, 298K): 
δ 167.34 (N=C), 152.79 (Py-Co), 150.87 (Ar-Cip), 140.75 (Ar-Co), 127.05 (Ar-Cp), 125.52 
(Py-Cm), 123.75 (Ar-Cm), 114.89 (Py-Cp), 29.06 (CHMe2), 24.01 (CHMeMe), 23.77 (CHMeMe), 
21.22 (N=CMe). EA: Calc: C 68.80, H 7.52, N 7.29, Cl 6.15, Co 10.23. Found: C 68.92, H7.55, 
N 7.22, Cl 6.05, Co 10.06. 
 
N3iPr2CoMe (3) 
96 mg (0.17 mmol) 2 and a slight excess of MeLi were dissolved in 10 ml Et2O. After stirring for 
3 days at room temperature, the mixture was filtered over celite. The purple filtrate was 
evaporated to dryness in vacuo. The residue contained 3 and 2 in a ratio of 5:1, according to 1H 
NMR. 
1H NMR (300 MHz, C6D6, 298K): δ 10.19 (t, 1H, J = 7.7 Hz, Py-H4), 7.86 (d, 2H, J = 7.8 Hz, Py-
H3), 7.49 (t, 2H, J = 7.7 Hz, Ar-Hp), 7.37 (d, 4H, J = 7.8 Hz, Ar-Hm), 3.13 (sept, 4H, J = 6.9 Hz, 
CHMe2), 1.18 (d, 12H, J = 6.9 Hz, CHMeMe), 0.62 (d, 12H, J = 6.9 Hz, CHMeMe), 0.58 (s, 3H, 
CoMe), -1.15 (s, 6H, N=CMe). 
 
N3iPr2CoBn (4) 
85 mg (0.15 mmol) 2 and 38 mg (0.15 mmol, 2.04 equiv.) Bn2Mg⋅0.5 dioxane were dissolved in 5 
ml toluene. After stirring for 2h at room temperature, the colour had changed from purple to blue. 
The mixture was filtered over celite and the blue filtrate was dried in vacuo. 1H NMR of the 
residue showed that the conversion was quantitative. 
1H NMR (300 MHz, C6D6, 298K): δ 10.27 (t, 1H, J = 7.8 Hz, Py-H4), 7.68 (d, 2H, J = 7.8 Hz, Py-
H3), 7.61 (t, 2H, J = 7.8 Hz, Ar-Hp), 7.45 (d, 4H, J = 7.8 Hz, Ar-Hm), 6.79 (t, 1H, J = 7.5 Hz, Bn-
Hp), 6.56 (t, 2H, J = 7.5 Hz, Bn-Hm), 5.60 (d, 2H, J = 7.2 Hz, Bn-Ho) 3.20 (sept, 4H, J = 6.6 Hz, 
CHMe2), 2.50 (s, 2H, CH2Ar) 1.15 (d, 12H, J = 6.9 Hz, CHMeMe), 0.63 (d, 12H, J = 6.9 Hz, 
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CHMeMe), -1.16 (s, 6H, N=CMe). 13C NMR (100 MHz, C6D6, 298K): δ 165.99 (N=C), 157.48 
(Bn-Cip), 155.61 (Py-Co), 154.87 (Ar-Cip), 141.39 (Ar-Co), 127.55 (Bn-Cm, Bn-Co), 126.93 
(Ar-Cp), 124.82 (Ar-Cm), 123.98 (Py-Cm), 119.85 (Bn-Cp), 116.43 (Py-Cp), 28.62 (CHMe2), 25.75 
(N=CMe), 24.38 (CHMeMe), 23.35 (CHMeMe), 1.15 (Bn-CH2). 
 
N3iPr2CoCH2SiMe3 (5) 
From 2: 71 mg (0.12 mmol) N3iPr2CoCl and 14 mg (0.15 mmol, 1.22 equiv.) LiCH2SiMe3 were 
dissolved in 5 ml toluene. After stirring for 10 min. at room temperature, the mixture was filtered 
over celite. The purple filtrate was dried in vacuo. 1H NMR of the residue showed that the 
conversion was quantitative. 
From 1: 64 mg (0.65 mmol; 2 equiv.) LiCH2SiMe3 was added to a brown suspension of 200 mg 
(0.33 mmol) N3iPr2CoCl2 in 3 ml hexane. After stirring for 5 hours, the purple suspension was 
filtered and the residue extracted with hexane. The combined filtrates were dried to give a 
quantitative yield of 5. 
1H NMR (300 MHz, C6D6, 298K): δ 9.89 (t, 1H, J = 7.8 Hz, Py-H4), 7.62 (d, 2H, J = 7.5 Hz, Py-
H3), 7.51 (t, 2H, J = 7.5 Hz, Ar-Hp), 7.39 (d, 4H, J = 7.5 Hz, Ar-Hm), 3.30 (sept, 4H, J = 6.9 Hz, 
CHMe2), 1.11 (d, 12H, J = 6.9 Hz, CHMeMe), 1.04 (d, 12H, J = 6.9 Hz, CHMeMe), 0.53 (s, 2H, 
CH2SiMe3), -0.54 (s, 9H, CH2SiMe3), -0.85 (s, 6H, N=CMe). 13C NMR (100 MHz, C6D6, 298K): 
δ 165.70 (N=C), 155.25 (Ar-Cip), 154.20 (Py-Co), 140.91 (Ar-Co), 126.98 (Ar-Cp), 124.70 (Ar-
Cm), 123.87 (Py-Cm), 115.90 (Py-Cp), 28.67 (CHMe2), 25.19 (N=CMe), 24.69 (CHMeMe), 24.17 
(CHMeMe), 3.12 (SiMe3), CH2SiMe3 not visible. EA: Calc: C 70.78, H 8.67, N 6.69. Found: C 
70.66, H8.73, N 6.85. 
 
N3iPr2CoH (7) 
N3iPr2CoH could only be obtained in a solution under H2 pressure from the reaction of N3iPr2CoR 
and H2. 
1H NMR (300 MHz, C6D6, 298K): δ 10.80 (t, 1H, J = 7.8 Hz, Py-H4), 7.60 (m, 4H, Py-H3, 
Ar-Hp), 7.46 (d, 4H, J = 7.8 Hz, Ar-Hm), 3.41 (sept, 4H, J = 6.9 Hz, CHMe2), 1.31 (d, 12H, J = 6.9 
Hz, CHMeMe), 0.29 (d, 12H, J = 6.9 Hz, CHMeMe), -1.65 (s, 6H, N=CMe), Co-H not visible. 
 
N3iPr2CoEt (8) 
10 ml of toluene was added to 162.7 mg of 2 (282 µmol) and 27,7 mg of LiCH2SiMe3 (292 µmol, 
1,03 equiv.). After stirring for 15 min., 20 ml H2 was injected followed by the injection of 25 ml 
ethylene. The product was evaporated to dryness. 
1H NMR (300 MHz, C6D6, 298K): δ 10.25 (t, 1H, J = 7.8 Hz, Py-H4), 7.99 (d, 2H, J = 7.8 Hz, Py-
H3), 7.51 (t, 2H, J = 7.8 Hz, Ar-Hp), 7.39 (d, 4H, J = 7.8 Hz, Ar-Hm), 3.13 (sept, 4H, J = 6.9 Hz, 
CHMe2), 1.51 (q, 2H, J = 7.8 Hz, CH2CH3) 1.17 (d, 12H, J = 6.9 Hz, CHMeMe), 0.75 (d, 12H, J = 
6.9 Hz, CHMeMe), -1.17 (t, 3H, J = 7.8 Hz, CH2CH3), -1.33 (s, 6H, N=CMe). 
13C NMR (100 MHz, C6D6, 298K): δ 165.31 (N=C), 157.86 (Py-Co), 154.94 (Ar-Cip), 140.88 
(Ar-Co), 126.55 (Ar-Cp), 124.09 (Ar-Cm), 122.59 (Py-Cm), 117.56 (Py-Cp), 28.29 (CHMe2), 26.18 
(N=CMe), 24.15 (CHMeMe), 23.10 (CHMeMe), Co-Et not visible. 
 
 
 
 
 102
Pyridine diimine cobalt complexes 
 
Polymerisation experiments 
At t = 0, a premix was made with the catalyst precursor, MAO (batch I or batch II; Co:Al = 1:100) 
and filled up to 10 g with toluene. At t = 23 min, part of this premix was put in the autoclave 
together with 40 ml toluene, which was already scavenged by a certain amount of MAO. In this 
way the required amount of precursor and MAO was obtained. At t = 35 min, 7 bar of ethylene 
pressure was put on the system for 15 min. After this, the autoclave was opened and the reaction 
mixture was neutralised by adding a mixture of methanol and aqueous HCl (10:1). The reaction 
mixture was filtered and washed twice with the MeOH/HCl mixture. 
 
B(C6F5)3 as activator 
- 8.8 mg 8 (15.4 µmol) was mixed with 9.7 mg B(C6F5)3 (18.9 µmol; 1.23 equiv.) in C6D6. 
Immediately, a sticky blue suspension was formed of which a 1H NMR spectrum was recorded. 
Half of the suspension was dissolved in 40 ml toluene and put in an autoclave. The mixture was 
kept under 7 bar of ethene for 15 minutes and the reaction was quenched. 
- 6.1 mg 8 (10.7 µmol) was mixed with 5.3 mg B(C6F5)3 (10.4 µmol; 0.97 equiv.) in C6D5Br. A 
purple solution was formed of which a 1H NMR spectrum was recorded. 40 ml toluene was added 
to this solution and it was transferred into an autoclave. The mixture was kept under 7 bar of 
ethene for 15 minutes and the reaction was quenched. 
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Pyridine diimine rhodium complexes1
 
Introduction 
As shown earlier in this thesis, the “non-innocent” character of the pyridine diimine ligand 
induces rather unusual chemistry in its cobalt complexes (e.g. stabilisation of low-spin CoI), 
which is directly relevant to the activation of the pyridine diimine Co polymerisation catalyst.2 
Electronic non-innocence of the pyridine diimine ligand has been demonstrated in several cases3 
and is by now an established pattern in the chemistry of this ligand. Another emerging theme in 
the chemistry of the ligand is its involvement in chemical transformations. Whereas with more 
traditional ligands (cyclopentadienyls, phosphines) reactions normally happen at the metal, 
complexes of the pyridine diimine ligand frequently undergo attack at the ligand. 
 
N3iPr2VIIICl3 (N3iPr2 = 2,6-bis-[1-(2,6-diisopropylphenylimino)ethyl]pyridine) polymerises ethene 
after activation with MAO with an activity somewhat lower than for the related iron catalyst.4 
When N3iPr2VIIICl3 and MAO were mixed in the ratio 1:2, a chloride was abstracted from the 
metal and the ligand was methylated at the 2-position of the pyridine ring, giving 
(Me)N3iPr2VIIICl2 (Figure 1). No other vanadium species seemed to be formed in this reaction. The 
same result was obtained when the starting material was reacted with one equivalent of MeLi. The 
use of three equivalents of MeLi (a stronger methylating agent than MAO) resulted in a reaction 
from which two different products could be isolated. Direct crystallisation from the reaction 
mixture produced the monovalent and anionic vanadium dialkyl complex 
N3iPr2V(Me)(MeLi(Et2O)3). The most striking feature of this compound is the absence of the 
methyl group originally present at the 2-position of the pyridine ring. When tmeda 
(tetramethylethylenediamine) was added to the reaction mixture, a vanadium(I) species was 
isolated with both 2- and 3-position of the pyridine ring methylated. The complex is anionic and 
has a solvated lithium ion as counterion. Presumably, both products were formed simultaneously 
and the choice of work-up led to the isolation of the one or the other product. 
 
The combination of pyridine diimine ligands and chromium(III) also yields active polymerisation 
catalysts after activation with MAO.5 Generally, the same trends in activity and polymer chain 
length were observed upon variation of the substituents on the aryl rings as for iron and cobalt. 
For one ligand, the authors also checked the behaviour of the CrII analogue as a catalyst precursor.  
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Figure 1. Reactions of N3iPr2VIIICl3 with alkylating agents. 
They observed behaviour different from that of the CrIII precatalysts and concluded that no 
reduction of this system occurs upon activation. Attempts to alkylate the CrIII system did lead to 
the isolation of reduced complexes.6 With Me3Al, a CrIICl2 complex was formed with a Me3Al 
molecule coordinated to both Cl atoms. When BnMgCl was used, a very unusual transformation 
occurred. Not only was the metal centre reduced, but also alkylated. In addition, the 4-position of 
the pyridine ring was also alkylated. Finally, two of the formed molecules were dimerised by a 
cyclisation reaction between the 3- and 5-carbons of both pyridine rings (Figure 2). 
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Figure 2. Reaction of N3iPr2CrIIICl3 with BnMgCl. 
Pyridine diimine manganese(II) chloride complexes have also been investigated for their 
polymerisation activity.6,7 After reaction with MAO no polymerisation of ethene was observed, 
despite the similarity in geometry and high-spin electronic configuration of the starting material 
with the iron and cobalt pyridine diimine pre-catalysts. Reaction of the MnIICl2 complex with two 
equivalents of MeLi resulted in a reduction to MnI and methylation of the metal centre, similar to 
our findings with Co (chapter 5). Reaction with two equivalents of LiCH2SiMe3 on the other hand 
led to the abstraction of two hydrogens and formation of di-anionic ligand around a MnII centre. 
From the same mixture, a dimeric complex was isolated where a bond was formed between two 
former ketimine methyl groups of the two original complexes. Both products were probably 
formed from the same monodeprotonated intermediate, as depicted in Figure 3. 
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Figure 3. Reduction and alkylation of pyridine diimine manganese(II) complexes. 
Brookhart synthesised pyridine diimine complexes with rhodium and ruthenium, but no 
polymerisation occurred.8 Instead, stable methyl-ethene complexes with an additional 
coordination site available were formed and insertion of ethene into the M-C bond could not be 
achieved.  
When pyridine diimine ligands were reacted with Me3Al, one of the imine carbons was 
methylated and the product served as an anionic ligand to form dimethyl aluminium complexes 
(Figure 4).9 Reaction with B(C6F5)3 leads to Me abstraction and formation of a cationic complex. 
This complex has been reported to catalyse the formation of low-molecular weight PE. 
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Figure 4. Reaction of pyridine diimine with Me3Al. 
Reaction of the pyridine diimine ligand with MeLi leads to alkylation of the pyridine nitrogen and 
formation of an anionic ligand (Figure 5).10 Both Et2O and another anionic pyridine diimine 
(coordinated with pyridine C4) have been observed as additional donor on Li. Upon heating of 
this complex, the methyl group is lost again, together with a hydrogen from one of the imine 
methyl groups, resulting in a mono-deprotonated pyridine diimine ligand. 
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Figure 5. Reaction of pyridine diimine with MeLi. 
From these examples, it is clear that the ligand can play a role that goes beyond the normal 
spectator role and can really be called “chemically non-innocent”. One might say that electronic 
and chemical non-innocence are related, in the sense that unpaired electron density on the ligand 
would increase its reactivity. Since the metal determines the amount of electron density 
transferred to the ligand and the amount of radical character involved (both of which should 
influence ligand centred reactivity),3b the nature of the metal should also be important. The variety 
in reactivity and reactive sites with various metals indicates that this indeed is the case. 
 
Approach 
Following our investigations of the Co polymerisation system, we decided to investigate the 
corresponding Rh complexes, motivated by the formal analogy between square-planar LRhX and 
LCoX complexes. Several pyridine diimine RhI complexes have been reported11 and N3RRhCl is 
easily synthesised from the ligand and [Rh(C2H4)2Cl]2 (Figure 6). 
N
N N
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Cl
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Cl
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+
Cl
N
N N
Ar Ar
 
Figure 6. Synthesis of N3RRhCl complexes. 
Dias used these complexes as starting point for studies toward ethene polymerisation.11b He was 
able to synthesise cationic RhIII alkyl-olefin complexes by a series of substitution and oxidative 
addition reactions, but was unable to induce polymerisation. We believe that the corresponding 
RhI complexes (in particular the alkyls) would be better models for relevant Co species than the 
RhIII complexes studies by Dias. In any case, a comparison of the chemical behaviour of the 
corresponding CoI and RhI alkyls (e.g. in their reactivity towards olefins) should help us 
understand to what extent the diimine pyridine ligand can help making Co behave like a second-
row transition metal. 
Nückel already published the synthesis of N3Me2RhMe (2b; N3Me2 = 2,6-bis-[1-(2,6-
dimethylphenylimino)ethyl]pyridine), but he could not achieve direct alkylation of the chloride 
complex.12 Instead, he first synthesised the methoxy complex and converted this to the methyl 
complex (Figure 7). The corresponding iridium complex was synthesised in the same way. 
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Figure 7. Synthesis of N3Me2RhMe. 
Results 
Basic ligand system 
Synthesis of rhodium alkyl complexes 
N3iPr2RhCl (1a; N3iPr2 = 2,6-bis-[1-(2,6-diisopropylphenylimino)ethyl]pyridine) was easily 
synthesised according to literature procedures.11b In contrast to 1b,  1a could easily be alkylated 
using organolithium or organomagnesium compounds. N3iPr2RhMe (2a), N3iPr2RhBn (3) and 
N3iPr2RhCH2SiMe3 (4) were obtained in excellent yields from the reaction of 1a with MeLi, 
Bn2Mg and LiCH2SiMe3 respectively. The two most likely side reactions in these alkylations are 
addition to the imine functionality or deprotonation of the imine methyl group. It seems probable 
that either or both of these caused the problems encountered by Nückel.  The larger isopropyl 
group in the ligand we used may cause just enough steric protection of the imine to prevent these 
reactions. Besides, alkyls were used that lack β-hydrogens, thereby preventing side reactions 
caused by β-hydrogen elimination and, for instance, subsequent hydride transfer. When a large 
excess of alkylating agent was used, we obtained a mixture of various unidentified products. This 
may indicate that attack on the imine and/or deprotonation did take place with the excess 
alkylating agent. We were not able to crystallise any of the alkyl complexes due to their instability 
in solution. In hydrocarbons, a film or deposit of metallic rhodium was usually formed on 
standing. In THF the complexes reacted to a mixture of various products, while in 
dichloromethane N3iPr2RhCl was formed instantly from the methyl and benzyl complexes. 
Probably, dichloromethane oxidatively adds to rhodium and subsequently a chlorinated alkane is 
eliminated, as was reported before for related complexes.11a In contrast with the report by Dias11b, 
CD2Cl2 was even found to add to 1a, albeit very slowly. After one hour, 10% was converted to 
N3iPr2RhCl2(CD2Cl). Oxidative addition of C-Cl bonds to rhodium(I) chloride complexes is not 
unusual.11a
 
Reactivity of rhodium alkyl complexes 
Because both N3iPr2CoCl and N3iPr2CoR polymerise ethene after activation with MAO,2 we tested 
whether the corresponding Rh complexes were active polymerisation catalysts as well. After 
treatment with MAO under 7 bar of ethene, no polymer was formed. Because of the similarity of 
the complexes, this complete absence of activity was not expected. However, we have found 
earlier that Cn*RhMe3 can be activated with Brønsted acids, but not with MAO;13 it might be that 
also in the present case alternative activation methods are required. 
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Pyridine diimine CoI alkyl complexes react with hydrogen to N3iPr2CoH.2 This hydride complex is 
an active catalyst for the hydrogenation of mono- and di-substituted olefins, but not for tri-
substituted olefins. When N3iPr2RhR was reacted with H2, the NMR spectrum did not show any 
signals for the expected diamagnetic hydride complex. Instead, only signals for impurities in the 
starting material and a very small amount of an asymmetric product were visible, together with a 
peak that may correspond to methane. It was obvious that most of the alkyl complex had been 
transformed into an NMR-silent paramagnetic species 5. This was confirmed by the presence of a 
very intense signal in the EPR spectrum of the product (Figure 8). 
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Figure 8. EPR spectrum of 5; Wx = Wy = Wz = 11.00, Mod. Ampl. = 2 gaus, Freq. = 9.3045, atten. = 40 
dB, T = 40K. Simulation: gx = 1.9775, gy = 2.0169, gz = 2.0169, ANx = 40 MHz. 
The g-values of 2.017 and 1.978 indicate that the unpaired electron is situated mainly on the 
organic ligand and only partly on the rhodium centre. This indicates that the complex should be 
considered as a RhI complex with a ligand radical anion ((N3iPr2)
·-RhI) instead of a true Rh0 
complex (N3iPr2Rh0). Formation of the (N3iPr2)
·- radical anion has been observed before, e.g. in 
complexes with low-valent Co2 and Mn.6,7 Three-coordinate Rh complexes are rare, so it seems 
likely that our paramagnetic complex will have an additional ligand (possibly H2 or a solvent 
molecule) bound to Rh. During storage of solutions of this complex, a deposit of metallic rhodium 
was often observed. A possible mechanism for the formation of 5 is outlined in Figure 9. 
The combination of oxidative addition and comproportionation leads to the formation of two 
molecules of a RhII complex, which eliminates methane to give the Rh0 final product. This 
mechanism also explains the apparent presence of methane in the NMR spectrum after the 
reaction of 2a and hydrogen. It is not certain how the comproportionation step occurs, because the 
ligands are very large and shield the metal centre on all sides. This hinders the approach of the 
two metal centres to achieve hydrogen transfer. An alternative may be that the hydrogen atom is 
transferred via the pyridine rings of the ligands (see below). 
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Figure 9. Possible formation of N3iPr2RhL. 
Even though the exact formulation of the complex formed after the reaction of N3iPr2RhR with H2 
was not known, hydrogenation experiments were carried out. When various olefins were added to 
5 under hydrogen, the same selective hydrogenation was observed as for N3iPr2CoH, that is, mono- 
and di-substituted olefins were hydrogenated, but tri-substituted and cyclic olefins were not. This 
leads us to conclude that the paramagnetic complex, rather than metallic rhodium formed by its 
decomposition, was responsible for the activity. Experiments using an internal standard indicated 
that the complex also catalyses H/D exchange between H2 and C6D6. 
 
Attempted synthesis of N3iPr2RhEt 
N3iPr2CoEt was easily formed from N3iPr2CoH and ethene. Since N3iPr2RhH could not be prepared, 
we attempted to generate N3iPr2RhEt from 1a and Et2Zn. This reaction showed a distinct solvent 
dependence. If the reaction of 1a with Et2Zn was carried out in benzene or toluene, initially broad 
lines were observed with NMR, but after a few hours a diamagnetic product had formed; a small 
amount of ethene could also be seen. The product showed two triplets at 3.56 and 5.09 ppm, with 
a coupling constant of 4.0 Hz. We believe that the only reasonable explanation is that these 
signals belong to a 1,4-dihydro-1-pyridyl group, formed through migration of a hydrogen atom to 
the 4-position of the pyridine ring (Figure 10).14 Presumably, an additional ligand (e.g. solvent or 
ethene) also coordinates to the metal. It was not possible to identify this ligand by 1H NMR.15
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Figure 10. (4H)N3iPr2RhL. 
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Full characterisation of this complex was not possible, because on standing in solution it slowly 
decomposed to the free ligand N3iPr2 and metallic rhodium. 
The most likely mechanism of formation of (4H)N3iPr2RhL (6) is initial formation of the ethyl 
complex N3iPr2RhEt followed by β-hydrogen elimination and hydride transfer to the ligand. The 
observed addition to the 4-position of the pyridine ring is probably the most favourable one. 
When the reaction of 1a with Et2Zn was performed in cyclohexane, the result was quite different. 
Instead of addition of a hydride to the ligand, a proton was removed from one of the ketimine 
methyl groups of the ligand and (N3iPr2-H)Rh(C2H4) (7) was formed (Figure 11). 
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Figure 11. (N3iPr2-H)Rh(C2H4). 
The complex was identified by 1H NMR. The double set of ligand peaks indicated the asymmetry 
of the complex and the vinylic protons of the deprotonated ketimine methyl group were visible as 
two singlets at 4.12 and 4.56 ppm. This time the second ligand could be identified as coordinated 
ethene from the doublet at 3.80 ppm with a small rhodium coupling of 1.8 Hz. 
This complex again decomposed slowly to free ligand and metallic rhodium and had a low 
solubility. Therefore, no 13C NMR spectrum could be obtained. Presumably, the same ethyl 
complex is formed initially as in toluene, but in this case, net dihydrogen elimination took place 
instead of hydride transfer to the ligand. The only difference in reaction conditions is the solvent. 
Therefore, it seems likely that the coordinating ability of toluene/benzene plays a role in the 
formation of (4H)N3iPr2RhL. Surprisingly, when the paramagnetic complex 5 (see previous 
section) was treated with ethene, the same deprotonated complex 7 was formed. 
Rationalising the formation of 7 from the presumed intermediate N3iPr2RhEt is not easy. It is also 
complicated by the fact that we do not know the exact stoichiometry of the reaction; it is possible 
that part of the rhodium ends up as paramagnetic, NMR-silent complexes, e.g. 5. Nevertheless, we 
will give a tentative explanation here. 
Although formation of 7 from N3iPr2RhEt involves net loss of H2, we think it is unlikely that H2 is 
lost as such. Simple estimation of the strengths of the bonds involved already suggests that this 
would just be too endothermic (hydrogenation reactions are usually exothermic). Besides, loss of 
H2 in the presence of a hydrogenation catalyst (5) and available olefin (ethene) seems unlikely. 
Therefore it seems more likely that part of the H2 is used to hydrogenate ethene. This idea leads to 
the following scheme (Figure 12), related to the one in Figure 9. The combination of the liberation 
of two hydrogen atoms per formed product molecule and the presence of olefin as Et in the 
initially formed RhEt complex, indicates that the maximum yield of this reaction according to this 
mechanism is 33%. Of course, this mechanism is purely speculative and serves only as a means to 
illustrate what species could participate in the formation of (N3iPr2-H)Rh(C2H4). 
The formation of 7 from 5 and ethene can also be rationalised on this basis. 
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Figure 12. Possible formation of (N3iPr2-H)Rh(C2H4). 
Ligand variation 
To prevent deprotonation of ketimine methyl groups, we synthesised the complex (ald)N3iPr2RhCl 
(8; (ald)N3iPr2 = 2,6-bis-[(2,6-diisopropylphenylimino)methyl]pyridine) from bis-ethene rhodium 
chloride and the ligand (ald)N3iPr2 16. Attempted alkylation with MeLi led to a mixture of 
unidentified products and no conclusions could be drawn from the reaction with Et2Zn. 
Nückel reported that substitution of pyridine H4 by a tert-butyl group significantly increased the 
solubility of pyridine diimine rhodium complexes in apolar solvents. Higher solubility (and 
stability) of the products described in the previous sections would be desirable to obtain better 
NMR analysis of the products (13C NMR); the additional aliphatic group could result in better 
crystallisation behaviour as well. Besides, the tert-butyl group causes significant steric shielding 
of the pyridine 4-position. This could influence the reactivity of the complexes. For example, 
hydrogen transfer to the 4-position to give (4H-N3iPr2) complexes might become more difficult. 
(tBu)N3iPr2RhMe (10; (tBu)N3iPr2 = 2,6-bis-[1-(2,6-diisopropylphenylimino)ethyl]-4-tert-
butylpyridine) was synthesised in two steps from the ligand and bis-ethene rhodium chloride 
(Figure 13), similar to 2a. Again, two equivalents of MeLi were used to get complete alkylation of 
the chloride complex and to prevent the formation of unwanted side products. No crystals suitable 
for X-ray diffraction were obtained. 
When 10 was exposed to H2, a colour change from green to brown was observed. In the 1H NMR 
spectrum, no signals for either product or starting material were present. Therefore, it is suspected 
that a paramagnetic complex was formed similar to 5. Unfortunately, also in this case attempted 
isolation of the complex was unsuccessful. Therefore, we tried to trap this species using several 
ligands that should be able to displace L and form a more stable complex. The suggested ligand 
radical anion will have less π-acceptor character than its neutral analogue due to the loss of 
aromaticity. Instead, it will become a stronger σ-donor and electron density on the metal will 
increase relative to “normal” RhI. Addition of a strong π-acceptor to replace the presumed ligand 
L might lead to a more stable complex and thus provide a better chance for complete 
characterisation. When CO was added to a sample of (tBu)N3iPr2RhL (11), a black solid 
precipitated and NMR showed only signals for free ligand and a signal at 4.46 ppm that we 
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Figure 13. Synthesis and reaction of (tBu)N3iPr2RhMe. 
attribute to H2. It appears that an electron was transferred from the ligand to the metal to reform 
the original neutral ligand and the complex had disintegrated. H2 was not visible in the NMR 
spectrum of the starting material and could hardly be formed in the reaction with CO. This 
suggests that the ligand L in 11 may have been dihydrogen. This is perhaps not surprising for a 
complex that was formed in the presence of excess dihydrogen. When the slightly weaker 
π-acceptor tBuNC was used, again rhodium lost its ligand and H2 was visible in the NMR 
spectrum. In a separate experiment, CO was added to 10. Even here, the metal lost its ligand. CO 
obviously does not stabilise our complexes. 
Reaction of 9 with Et2Zn in toluene initially resulted in line broadening in the 1H NMR spectrum, 
but after a few hours, the reaction was finished and a diamagnetic complex had formed. 1H NMR 
showed that this was the analogue of the complex formed from 1a in cyclohexane. Two singlets of 
vinylic protons at 4.13 and 4.67 ppm indicated that one of the ketimine methyl groups was 
deprotonated. As in the case of 7, an ethene molecule is coordinated to the metal ion. Apparently, 
the hydride transfer encountered in toluene and benzene with the unsubstituted ligand does not 
proceed when the pyridine ring is substituted with a tBu group. Another difference is that 
((tBu)N3iPr2-H)Rh(C2H4) (12) was much more stable than 7. Even after several weeks in solution, 
only part of the complex had lost its ligand. This made more extensive NMR work possible. From 
a NOESY experiment the vinylic protons could be differentiated. The proton cis to nitrogen 
showed a clear contact with the isopropyl group on one of the aryl rings, while the proton trans to 
nitrogen had a contact with one of the protons at the meta position of the pyridine ring. 
Unfortunately, no 13C NMR spectrum could be obtained. 
In the reaction of 9 with Et2Zn, formation of a substantial amount of side product was observed 
(possibly upto 40%). It was also a pyridine diimine based complex (no free ligand). 
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The symmetry of this complex and the typical vinylidene resonances observed for it, lead us to 
propose a structure containing a doubly deprotonated ligand, ((tBu)N3iPr2-2H)RhL (13; similar to 
the one reported by Gambarotta for Mn6). 
Analogous to the behaviour observed for 5, treatment of 11 with ethene resulted in very slow 
formation of 12. These observations demonstrate that the complexes of N3iPr2 and (tBu)N3iPr2 
behave very similar, except that hydrogen transfer to the pyridine 4-position is apparently 
blocked. This may indicate that the H transfer is intermolecular, because movement of the H 
within one ligand molecule would probably not be hampered by the tBu group. 
 
The formation of 12 effectively results from HCl elimination from 9 and addition of ethene. 
Therefore, it was attempted to selectively deprotonate 9 under an ethene atmosphere. Addition of 
one equivalent of an LDA solution to 9 resulted in an immediate colour change from green to red 
and in five minutes to yellow/green. NMR clearly showed that both 12 and the above mentioned 
side product 13 had formed (Figure 14), but the complexes could not be isolated in pure form, 
hindering additional analyses. 
N
N N
RhAr Ar
N
N N
RhAr Ar
Cl
N
N N
RhAr Ar
L
+
LDA
C2H4
_
9 1312  
Figure 14. Reaction of (tBu)N3iPr2RhCl with LDA under an ethene atmosphere. 
Conclusions 
We have clearly demonstrated that pyridine diimine ligands participate in reactions while 
coordinated to rhodium. They do not only act as electron acceptors (“electronic non-innocence”), 
but are even chemically non-innocent. Of course, this behaviour depends on the metal as well as 
on the ligand. When the reactivity of N3iPr2RhCl and N3iPr2CoCl is compared, the similarity stops 
after the alkylation reaction forming N3iPr2MR. In the case of Co, all complexes can be activated 
with MAO to become highly active olefin polymerisation catalysts. It is even likely that they all 
form the same active species. All Rh complexes are completely inactive towards ethene 
polymerisation, even after reaction with MAO. After Cn*RhMe3, this is the second system that 
could not be activated with MAO. The similarity between the Rh and Co complexes and the fact 
that Cn*RhMe3 can be activated by other methods is not in agreement with MAO being a 
universal activator. It appears that MAO is not suitable for activation of certain types of 
complexes. This has implications for the testing of potential new catalysts. 
The hydrogenation activity of Rh and Co complexes seems similar, but for Co the individual steps 
of the process can easily be identified by 1H NMR, while for Rh the catalysis is apparently 
performed by a paramagnetic species. The reactivity of this paramagnetic species with ethene is 
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quite unexpected. Instead of forming a Rh-Et complex, an ethene complex is formed with a 
deprotonated ligand. This same species is also formed on reaction of N3iPr2RhCl with Et2Zn in 
cyclohexane, but in toluene, hydride transfer from the metal to the 4-position of the ligand takes 
place instead of deprotonation. Adapting the ligand so that deprotonation or formation of a 
4-hydropyridine ring is no longer possible, does not prevent ligand-centred reactions. Thus, the 
“chemically non-innocent” character of the ligand shows up quite clearly in its Rh chemistry. For 
Co, in contrast, we merely see “electronic non-innocence” in the stabilisation of unusually low 
oxidation states. 
 
Experimental 
All manipulations were performed under an inert atmosphere using standard Schlenk techniques 
or in a dry-box. Solvents were purified by distillation from an appropriate drying agent. All NMR 
spectra were recorded in benzene at room temperature on a Bruker 200 MHz,  Bruker 300 MHz, 
Bruker 500 MHz or Inova 400 MHz spectrometer. [Rh(C2H4)2Cl]217 and N3iPr2RhCl11b were 
synthesised according to literature procedures. 
 
 
N3iPr2RhCH3 (2a)
2 ml toluene was added to 100 mg (0.16 mmol) 1a and 7.1 mg (0,32 mmol, 2 equiv.) MeLi and 
the mixture was stirred for 3 days. The obtained product was filtered and the solvent was removed 
in vacuo, yielding 91 mg of 2a as a dark green solid, that was used without further purification. 
1H NMR (300 MHz): δ 8.19 (t, J = 7.9 Hz, 1H, Py-H4), 7.34 (d, J = 7.7 Hz, 2H, Py-H3), 7.22-7.10 
(m, 6H, 2,6-(iPr)2C6H3), 3.19 (sept, J = 6.8 Hz, 4H, CH(CH3)2), 2.12 (d, J(Rh-H) = 1.1 Hz, 3H, 
Rh-CH3), 0.99 (m, 24H, CH(CH3)2), 0.73 (s, 6H, N=CCH3). 13C NMR (75 MHz): δ 166.8 (C=N), 
155.3 (d, J(Rh-C) = 2.7 Hz, py-Co), 148.3 (Ph-C1), 140.6 (Py-C4), 140.4 (Ph-C2), 123.6 (Ph-C3), 
123.1 (Py-C3), 28.2 (CH(CH3)2), 23.9 (CH(CH3)2), 23.6 (CH(CH3)2), 18,9 (C=N-CH3), 1.2 (d, 
J(Rh-C) = 21 Hz, Rh-CH3). 
 
N3iPr2RhBn (3) 
2 ml toluene was added to 100 mg (0.27 mmol) 1a and 41 mg (0.27 mmol, 1 equiv.) Bn2Mg. The 
mixture was stirred for 24 h, filtered and the filtrate dried in vacuo. The resulting purple powder 
was extracted with hexane, which resulted in a quantitative yield of 3 as a purple solid. The 
product was used without further purification. 
1H NMR (200 MHz): δ 7.97 (t, J = 7.9 Hz, 1H, Py-H4), 7.31-7.17 (m, 6H, 2,6-(iPr)2C6H3, 2H, Py-
H3), 7.21 (t, J = 7.3 Hz, 2H, Bn-H3), 6.65 (m, 1H, Bn-H4), 5.59 (d, J = 6.9 Hz, 2H, Bn-H2), 3.69 
(d, J(Rh-H) = 2.6 Hz, 2H, CH2C6H5), 3.28-3.05 (sept, J = 8.0 Hz, 4H, CH(CH3)2), 1.01-0.92 (m, 
30H, N=CCH3, CH(CH3)2). 13C NMR (75 MHz): δ 166.8 (d, J(Rh-C) = 2.3 Hz, C=N), 156.2 (d, 
J(Rh-C) = 2.9 Hz, Py-C2), 151.9 (d, J(Rh-C) = 1.7 Hz, Bn-C1), 148.4 (Ph-C1), 141.0 (Py-C4), 
140.6 (Ph-C2), 127.3 (Bn-C2), 127.0 (Bn-C3), 126.5 (Ph-C4), 124.2 (Ph-C3), 123.6 (Py-C3), 
119.6 (Bn-C4), 28.6 (CH(CH3)2), 24.0 (CH(CH3)2), 23.8 (CH(CH3)2), 19.5 (d, J(Rh-C) = 1.73 Hz, 
C=N-CH3). It was not possible to detect the benzylic CH2 carbon signal. 
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N3iPr2RhCH2SiMe3 (4) 
4 ml toluene and 0.54 ml (0.54 mmol, 2 equiv.) 1.0 M Me3SiCH2Li in pentane were added to 170 
mg (0.27 mmol) 1a. The mixture was stirred for 24 hours, filtered and the filtrate was dried in 
vacuo, yielding a green-brown powder. Extraction with hexane resulted in a quantitative yield of 4 
as a green powder. The product was used without further purification. 
1H NMR (300 MHz): δ 8.06 (t, J = 7.9 Hz, 1H, Py-H4), 7.24 (d, J = 8.1 Hz, 2H, Py-H3), 7.15-7.03 
(m, 6H, 2,6-(iPr)2C6H3), 3.26 (sept, J = 6.8 Hz, 4H, CH(CH3)2), 1.87 (d, J(Rh-H) = 2.2 Hz, 2H, 
Rh-CH2), 1.28 (d, J = 6.6 Hz, 12H, CH(CH3)2), 0.97 (d, J = 6.6 Hz, 12H, CH(CH3)2), 0.86 (s, 6H, 
N=CCH3), 0.29 (s, 9H, SiMe3). 13C NMR (75 MHz): δ 165.7 8 (d, J(Rh-C) = 0.9 Hz, C=N), 156.3 
(d, J(Rh-C) = 3.2 Hz, Py-C2), 149.4 (Ph-C1), 141.1 (Py-C4), 140.6 (Ph-C2), 126.7 (Ph-C4), 124.3 
(Ph-C3), 123.6 (Py-C3), 28.2 (CH(CH3)2), 24.5 (CH(CH3)2), 24.3 (CH(CH3)2), 19.9 (d, J(Rh-C) = 
2.0 Hz, C=N-CH3), 6.7 (d, J(Rh-C) = 33 Hz, RhCH2SiMe3), 4.0 (RhCH2SiMe3). 
 
N3iPr2RhL (5) 
In an NMR tube equipped with a septum a few milligrams of 2a, 3 or 4 were dissolved in 600 µl 
deuterated benzene. Hydrogen (1 mL) was injected in the NMR tube and a colour change from 
dark green to red-brown was observed (yellow green, when traces of 1a were present in the 
sample).  
 
(4H)N3iPr2RhL (6) 
2 ml toluene and 0.3 ml (0.33 mmol, 2 equiv.) 1.1 M Et2Zn in toluene were added to 100 mg (0.16 
mmol) N3iPr2RhCl. The mixture was stirred for 24 hours and subsequently filtered. NMR showed a 
mixture 6 and free ligand. After a few days only free ligand remained. 
1H NMR (200 MHz): δ 7.31-6.93 (m, 9H, 2,6-(iPr)2C6H3), 5.09 (t, J = 4.02, 2H, 4-hydropyridine 
H3), 3.56 (t, J = 4.0, 2H, 4-hydropyridine H4), 2.73 (sept, J = 5.1 Hz, 4H, CH(CH3)2), 1.67 (s, 6H, 
N=CCH3), 1.20 (d, J = 4.9 Hz, 12H, CH(CH3)2), 1.00 (d, J = 6.9 Hz, 12H, CH(CH3)2). 
 
(N3iPr2-H)Rh(C2H4) (7) 
With diethylzinc: 2 ml cyclohexane and 0.3 ml (0.33 mmol, 2 equiv.) 1.1 M Et2Zn in toluene were 
added to 100 mg (0.16 mmol) 1a. The mixture was stirred for 24 hours and subsequently filtered. 
NMR showed a mixture 7 and free ligand. After a few days only free ligand remained. 
With hydrogen/ethene: an excess of ethylene was added with a syringe to a sample of 5 in an 
NMR tube equipped with a septum. The NMR tube was placed under an argon atmosphere for 
several hours and subsequently a NMR spectrum was recorded. 
1H NMR (400 MHz): δ 7.3-7.0 (bs, 9H, 2,6-(iPr)2C6H3), Py-H4, Py-H3), 4.56 (s, 1H, CHH=C-N), 
4.12 (s, 1H, CHH=C-N), 3.80 (d, 4H, J = 1.8 Hz, CH2=CH2), 3.63 (sept, J = 7.0 Hz, 2H, a-
CH(CH3)2), 2.94 (sept, J = 6.9 Hz, 2H, b-CH(CH3)2), 2.27 (s, 3H, CH3C=N), 1.34 (d, J = 6.6 Hz, 
6H, a-CH(CH3)2), 1.27 (d, J = 7.0 Hz, 6H a-CH(CH3)2), 1.24 (d, J = 6.8 Hz, 6H, b-CH(CH3)2), 
0.81 (d, J = 7.0 Hz, 6H, b-CH(CH3)2). Determination of a- and b- isopropyl groups was made by 
COSY-NMR. 
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(ald)N3iPr2RhCl (8) 
A mixture of 0.47 g (1.03 mmol) (ald)N3iPr2 and 0.2 g (0.51 mmol) [Rh(C2H2)2Cl]2 in 12 ml 
toluene was stirred for 30 minutes. Removal of the solvent in vacuo gave 8 as a dark green solid, 
which was used without further purification. The yield was 0.44 g (0.74 mmol; 72%). 
1H NMR (200 Mhz): δ 8.43 (d, J(Rh-H) = 3.8 Hz, 2H, N=C-H), 7.62 (t, J = 7.8 Hz, 1H, py-H4), 
7.24-7.10 (m, 6H, 2,6-(Pri)2C6H3), 6.67 (d, J = 7.8 Hz, 2H, py-H3), 3.40 (sept, J = 6.8 Hz, 4H, 
CH(CH3)2), 1.27 (d, J = 6.8 Hz, 12H, CH(CH3)2), 1.07 (d, J = 6.8 Hz, 12H, CH(CH3)2). 
 
(tBu)N3iPr2RhCl (9) 
A mixture of 1.1 g (2.0 mmol) (tBu)N3iPr2 and 0.4 g (1.0 mmol; 1 equiv.) [Rh(C2H2)2Cl]2 in 12 ml 
toluene was stirred for 30 minutes. Removal of the solvent in vacuo gave 9 as a dark green solid, 
which was used without further purification. The yield was 1.2 g (1.7 mmol; 83%). 
1H NMR (300 MHz): δ 7.29 (s, 2H, Py-H3), 7.15-6.95 (m, 6H, 2,6-(Pri)2C6H3), 3.24 (sept, J = 6.9 
Hz, 4H, CH(CH3)2), 1.36 (d, J = 6.9 Hz, 12H, CH(CH3)2), 1.10 (s, 9H, C(CH3)3), 1.10 (s, 6H, 
N=C-CH3), 1.07 (d, J = 6.9 Hz, 12H, CH(CH3)2). 13C NMR (75 MHz): δ = 166.4 (d, J(Rh-C) = 2.3 
Hz, N=C-CH3), 156.4 (d, J(Rh-C) = 3.2 Hz, Py-C4), 146.6 (Py-C2), 146.3 (Ph-C1), 140.5 
(Ph-C2), 127.0 (Ph-C4), 123.6 (Ph-C3), 121.1 (Py-C3), 37.1 ( C(CH3)3), 29.7 (C(CH3)3), 29.0 
(CH(CH3)2), 24.4 (CH(CH3)2), 24.3 (CH(CH3)2), 17.8 (d, J(Rh-C) = 2.1 Hz, N=C-CH3). 
 
(tBu)N3iPr2RhCH3 (10) 
10 ml toluene was added to 108 mg (0.15 mmol) 9 and 6.8 mg (0.31 mmol; 2.1 equiv.) MeLi. The 
mixture was stirred for 7 days, filtered and the filtrate dried in vacuo. The resulting dark green 
solid was directly used for further research. 
1H NMR (200 Mhz): δ 7.77 (s, 2H, Py-H3), 7.25-7.10 (m, 6H, 2,6-(iPr)2C6H3), 3.26 (sept, J = 6.8 
Hz, 4H, PhCH(CH3)2), 2.12 (d, J(Rh-H) = 1.2 Hz, 3H, Rh-CH3), 1.24 (s, 9H, C(CH3)3), 1.14 (d, J 
= 6.8 Hz, 12H, CH(CH3)2), 1.08 (d, J = 6.8 Hz, 12H, CH(CH3)2), 0.86 (s, 6H, N=C-CH3). 
 
((tBu)N3iPr2-H)Rh(C2H4) (12) 
with diethylzinc: 10 ml toluene was added to 100 mg (0.15 mmol) 9 and 63 mg (0.44 mmol; 3 
equiv.) Et2Zn. The dark yellow/green mixture was stirred for 12 hours, filtered and the filtrate 
dried in vacuo. 1H NMR showed a mixture of products. 
with hydrogen/ethene: In a NMR tube a few milligrams of 9 were dissolved in C6D6. Hydrogen 
(1 ml) was injected and a colour change from green to brown/green was observed. Next an excess 
of ethylene was added trough the septum, and subsequently an 1H NMR spectrum was recorded. 
with LDA /ethene: To a solution of 100 mg (0.15 mmol) 9 in toluene was added an equimolar 
amount of an LDA solution in THF (2-3 ml) at -15 °C. The mixture was stirred vigorously under 
an ethylene atmosphere for several minutes. The red solution was warmed to room temperature 
and stirred for another 20 minutes after which the solvent was removed in vacuo. 
1H NMR (400 MHz): δ 8.11 (d, J = 1.2 Hz, 1H, Py-H3/5), 7.66 (d, J =1.2 Hz, 1H, Py-H3/5), 7.20-
7.05 (m, 6H, 2,6-(iPr)2C6H3), 4.67 (s, 1H, trans N-C=CHH), 4.13 (s, 1H, cis N-C=CHH), 3.77 (d, 
J(Rh-H) = 2.0 Hz, 4H, Rh(C2H4)), 3.71 (sept, J = 6.8 Hz, 2H, CH(CH3)2), 3.02 (sept, 
J = 6.8 Hz, 2H, CH(CH3)2), 1.38 (d, J = 6.6 Hz, 6H, CHCH3CH3down), 1.30 (d, J = 6.8 Hz, 
CHCH3upCH3), 1.27 (d, J = 6.8 Hz, 6H, CHCH3CH3down), 1.11 (s, 9H, CCH3), 0.84 (d, 6H, J = 6.8 
Hz, CHCH3upCH3), 0.83 (s, 3H, N=CCH3). 
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Summary 
 
Olefin polymerisation catalysis has traditionally been restricted to early transition metals. The 
fairly recent development of catalysts based on late transition metals opened up new possibilities 
for controlling polymer microstructure. α-Diimine Ni and Pd catalysts were able to produce 
polyethene with a variable amount of branches of various lengths. Besides, polymers became 
available that contained a small amount of functionalised monomer at the end of branches. 
Pyridine diimine Fe and Co catalysts can rival early transition metal catalysts in activity. 
NN
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MAr Ar
X X
M = Ni, Pd
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N
M ArAr
Cl Cl
M = Fe, Co
 
Figure 1. Late transition metal (pre)catalysts. 
Nevertheless, the range of good late transition metal catalysts is rather limited and, apart from 
steric factors, the ligand requirements for obtaining active catalysts are unclear. 
Mechanistic studies on the Fe systems are difficult , because of their paramagnetic nature and the 
instability of model Fe-alkyl complexes. Theoretical studies seemed to confirm the expected 
polymerisation mechanism for Fe, but for Co the results were less convincing. 
 
The work described in the present thesis attempts to provide some insight into the factors required 
for late transition metal polymerisation activity using a variety of approaches. 
Actual catalysts have been investigated to identify their characteristics, see how they respond to 
varied reaction conditions and learn something about their activation and polymerisation 
mechanism. We also synthesised a range of complexes that could either serve as models for 
catalysts or could be catalysts themselves. 
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Chapter 2 describes the chemistry of tri-alkyl rhodium complexes with the ligands Cn* and 
pmdta. Cn*RhMe3 is capable of polymerising ethene at a low rate after activation with acid. The 
activity of the reported neutral mono-methyl complexes could be improved by using less-
coordinating solvents and anions. On the other hand, the protonation behaviour was also altered 
by these solvents and anions. Unstabilised cations are so reactive that they react with whatever is 
available in the mixture, so characterisation of actual “active species” was not possible. 
Rh
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Cl
N
N
Cl
N
Rh
N
Me
N
Me
Me
N
Cn*RhMe3 (pmdta)RhCl3 
Figure 2. Cn* and pmdta complexes. 
Introduction of the more flexible ligand pmdta again complicated the chemistry. Formation of 
(pmdta)RhMe3 was possible, but it was very sensitive to impurities, acid and air and could not be 
obtained pure. Low-temperature NMR experiments indicate that one of the amine arm of the 
ligand easily dissociates, giving rise to dynamic processes within the coordination sphere of the 
complex. The loss of rigidity in going from Cn* to pmdta also resulted in a loss of polymerisation 
reactivity. 
 
Chapter 3 describes the synthesis and protonation of rhodium ethene complexes. We hoped to use 
this method to obtain unsaturated cationic rhodium alkyl complexes  and investigate their 
reactivity towards ethene. Unfortunately, it proved difficult to selectively protonate these 
complexes and no Rh-Et complexes were isolated. In situ activation in the presence of ethene did 
not lead to the formation of polymer. The use of pmdta as ligand in Rh olefin complexes led to an 
unexpectedly distorted coordination geometry of the olefin, due to steric interactions between the 
olefin and the pmdta methyl groups. 
N
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Figure 3. Orientation of the olefin in pmdta complexes and in (Bn-app)Rh(C2H4). 
In chapter 4 the synthesis and characterisation of several new cobalt chloride complexes is 
described. Despite their paramagnetic nature, 1H NMR proved a useful tool to identify the 
complexes and in some cases a full interpretation of the spectra could be given. Variations in the 
spectra were used to discuss the possible solvent-dependent behaviour. It seemed that there was a 
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ligand dependent preference for 5- or 6-coordination with the formation of [(tpa)CoCl]+ as most 
explicit example. Despite similarities with existing catalysts, only a few of the complexes showed 
(low) polymerisation activity after activation with MAO. 
 
In chapter 5 the activation of N3iPr2CoCl2 was investigated. Instead of the expected alkylation and 
alkyl abstraction, reduction of the complex seemed to be the most important initial reaction of the 
activation process. 
N
N N
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N
N N
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ClCl Cl
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N N
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Figure 4. Reduction and alkylation of pyridine diimine Co complexes. 
Neutral N3iPr2CoCl and N3iPr2CoR were not active catalysts themselves, but after activation with 
MAO, all produced polyethene with similar activity and with similar characteristics as after 
activation of N3iPr2CoCl2. The cobalt(I) complexes are all diamagnetic, but from their NMR 
spectra and theoretical calculations it became clear that the lowest lying triplet state is already 
accessible at room temperature and this results in a paramagnetic contribution to the NMR 
spectra. Besides being polymerisation catalysts (after Lewis-acid activation), N3iPr2CoR 
complexes were also hydrogenation catalysts (without additional activation). Primary and 
secondary alkenes were hydrogenated with activities up to 104 mol·bar-1·h-1·mol-1. 
 
In chapter 6 N3iPr2RhR complexes were investigated as analogues for the Co complexes in chapter 
5. The rhodium complexes could not be activated with MAO. Upon addition of H2 to N3iPr2RhR, a 
paramagnetic species was formed. Despite this difference from Co, the Rh complexes showed 
hydrogenation activity with the same selectivity as did the Co catalyst. Attempts to synthesise 
N3iPr2RhEt resulted in unexpected ligand reactivity. Depending on the solvent, hydrogen transfer 
to the 4-position of the pyridine ring (benzene/toluene) or hydrogen abstraction from the ketimine 
Me group (cyclohexane) could be observed. 
N
N N
RhIAr Ar
_
N
N N
RhIAr Ar
L
_
 
Figure 5. Products of H-transfer and H-abstraction in pyridine diimine Rh complexes. 
Adding a tBu group to the 4-position of the pyridine ring hindered hydrogen transfer and resulted 
in hydrogen abstraction even in toluene. 
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One of the most interesting observations presented in this thesis is the fact that pyridine diimine 
ligands are not mere spectators in reactions of their complexes, but they actually participate in 
them (in contrast with Cp* ligands often used in early transition metal catalysts). Both electronic 
and chemical non-innocence was observed in the literature as well as in the experiments described 
here. The electron-accepting properties may even be essential for the formation of active Co 
polymerisation catalysts. Complexes with ligands without this capacity could hardly or not be 
activated at all with MAO, not even for the catalytic dimerisation of ethene. Limitations of MAO 
became apparent in several chapters. Cn*RhMe3 could be activated with acid, but not with MAO, 
N3iPr2Rh complexes could not be activated at all and (tBu-pyp)CoCl2 could only be activated when 
a deteriorated batch of MAO was used. Thus, MAO may not really be the universal activator it is 
often assumed to be and one should seriously consider the possibility that catalyst screening using 
only MAO can miss active catalysts.
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Samenvatting 
 
Olefine polymerisatie katalyse is traditioneel beperkt tot vroege overgangsmetalen. De vrij recente 
ontwikkeling van katalysatoren op basis van late overgangsmetalen gaf nieuwe mogelijkheden om 
de microstructuur van polymeren te sturen. α-Diimine Ni en Pd katalysatoren waren in staat om 
polyetheen te maken met wisselende hoeveelheden zijketens van verschillende lengte. Verder 
kwamen er ook polymeren beschikbaar met een kleine hoeveelheid gefunctionaliseerd monomeer 
aan het eind van zijketens. Pyridine diimine Fe en Co katalysatoren evenaren de activiteit van 
vroege overgangsmetalen. 
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Figuur 1. (Pre)katalysatoren van late overgangsmetalen. 
Desondanks is de variatie in goede katalysatoren van late overgangsmetalen beperkt en zijn de 
vereisten aan het ligand voor het bereiken van hoge activiteit, behalve sterische factoren, 
onduidelijk. 
Mechanistisch onderzoek aan de Fe systemen is moeilijk vanwege het paramagnetische karakter 
en de instabiliteit van model Fe-alkyl complexen. Theoretisch onderzoek leek het verwachte 
mechanisme voor Fe te bevestigen, maar voor Co waren de resultaten minder overtuigend. 
 
Het werk dat beschreven wordt in dit proefschrift probeert enig inzicht te geven in de factoren die 
noodzakelijk zijn voor polymerisatieactiviteit aan late overgangsmetalen, waarvoor verschillende 
aanpakken zijn gebruikt. 
Daadwerkelijke katalysatoren zijn onderzocht om hun eigenschappen vast te stellen, om te zien 
hoe ze reageren op veranderde reactieomstandigheden en om iets te leren over hun activerings- en 
polymerisatiemechanisme. Er is ook een heel aantal complexen gesynthetiseerd die konden dienen 
als model voor katalysatoren of die zelf katalysatoren zouden kunnen zijn. 
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In hoofdstuk 2 wordt de chemie beschreven van tri-alkyl rhodium complexen met de liganden 
Cn* en pmdta. Cn*RhMe3 is in staat om met beperkte snelheid etheen te polymeriseren na 
activering met zuur. De activiteit van gepubliceerde neutrale mono-methyl complexen kon 
worden verbeterd door gebruik te maken van niet-coördinerende oplosmiddelen en tegenionen. 
Daar staat tegenover dat het protoneringsgedrag ook werd veranderd door deze oplosmiddelen en 
tegenionen. Ongestabiliseerde kationen zijn zo reactief dat ze reageren met alles wat aanwezig is 
in het mengsel, zodat karakterisatie van daadwerkelijk “actieve deeltjes” niet mogelijk was. 
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Figuur 2. Cn* and pmdta complexen. 
De introductie van het meer flexibele ligand pmdta maakte de chemie weer ingewikkelder. Het 
vormen van (pmdta)RhMe3 was mogelijk, maar het was erg gevoelig voor onzuiverheden, zuur en 
lucht en het kon niet zuiver verkregen worden. Lage temperatuur NMR experimenten gaven aan 
dat een van de amine-pootjes gemakkelijk loslaat, wat resulteert in dynamische processen binnen 
de coördinatie invloed van het complex. Het verlies van starheid bij de overstap van Cn* naar 
pmdta resulteert ook in een verlies van polymerisatie activiteit. 
 
In hoofdstuk 3 wordt de synthese en het protoneren van rhodium etheen complexen beschreven. 
Het was de bedoeling om op deze manier onverzadigde, kationische rhodium alkyl complexen te 
maken en deze te onderzoeken op hun reactiviteit met etheen. Helaas bleek het moeilijk om deze 
complexen selectief te protoneren en er zijn geen Rh-Et complexen geïsoleerd. In situ activering 
in aanwezigheid van etheen resulteerde niet in de vorming van polymeer. Het  gebruik van pmdta 
als ligand in Rh olefine complexen resulteerde in een onverwacht vervormde coördinatie 
geometrie van het olefine ten gevolge van sterische interactie tussen het olefine en pmdta methyl 
groepen. 
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Figuur 3. Oriëntatie van het olefine in pmdta complexen en in (Bn-app)Rh(C2H4). 
In hoofdstuk 4 wordt de synthese en karakterisering van verschillende nieuwe kobalt chloride 
complexen beschreven. Ondanks hun paramagnetische karakter bleek 1H NMR een nuttig middel 
om de complexen te identificeren en in enkele gevallen kon zelfs het gehele spectrum toegekend 
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worden. Verschillen tussen spectra zijn gebruikt om mogelijk oplosmiddel afhankelijk gedrag te 
bespreken. Het leek erop dat er afhankelijk van het ligand een voorkeur bestond voor 5- of 6-
coördinatie, waarvan [(tpa)CoCl]+ het meest expliciete voorbeeld is. Ondanks overeenkomsten 
met bestaande katalysatoren, bleken slechts enkele van de complexen een (lage) polymerisatie 
activiteit te hebben na activering met MAO. 
 
In hoofdstuk 5 wordt beschreven hoe de activering van N3iPr2CoCl2 is onderzocht. In plaats van de 
verwachte alkylering en alkyl abstractie bleek reductie van het complex de belangrijkste initiële 
reactie van het activeringsproces. 
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Figuur 4. Reductie en alkylering van pyridine diimine Co complexen. 
De neutrale complexen N3iPr2CoCl en N3iPr2CoR waren zelf geen actieve katalysatoren, maar na 
activering met MAO produceerden ze allemaal polyetheen met vergelijkbare snelheid en 
vergelijkbare eigenschappen als N3iPr2CoCl2 na activering. De kobalt(I) complexen zijn allemaal 
diamagnetisch, maar uit hun NMR spectra en uit theoretische berekeningen bleek dat de laagst 
liggende triplet toestand bij kamertemperatuur al toegankelijk is en dit resulteert in een 
paramagnetische bijdrage aan de NMR spectra. Behalve dat ze polymerisatie katalysatoren zijn 
(na activering met Lewis-zuur), zijn N3iPr2CoR complexen ook hydrogenering katalysatoren 
(zonder verdere activering). Primaire en secundaire alkenen worden gehydrogeneerd met 
activiteiten tot 104 mol·bar-1·h-1·mol-1. 
 
In hoofdstuk 6 wordt onderzoek beschreven naar N3iPr2RhR complexen als analoga van de Co 
complexen in hoofdstuk 5. De rhodium complexen konden niet worden geactiveerd met MAO. 
Bij toevoeging van H2 aan N3iPr2RhR werd een paramagnetisch deeltje gevormd. Ondanks dit 
verschil met Co vertoonden de Rh complexen hydrogeneringsactiviteit met dezelfde selectiviteit 
als de Co complexen. Pogingen om N3iPr2RhEt te synthetiseren resulteerden in onverwachte ligand 
reactiviteit. Afhankelijk van het oplosmiddel werd waterstofoverdracht naar de 4-positie van de 
pyridine ring (benzeen/tolueen) of waterstof abstractie van de ketimine methyl groep 
(cyclohexaan) waargenomen. 
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Figuur 5. Producten na H-overdracht en H-abstractie in pyridine diimine Rh complexen. 
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Het plaatsen van een tBu groep op de 4-positie van de pyridine ring verhinderde de waterstof 
overdracht en resulteerde zelfs in tolueen in waterstof abstractie. 
 
Een van de meest interessante observaties die in dit proefschrift beschreven worden is het feit dat 
de pyridine diimine liganden niet slechts toeschouwers zijn als het gaat om reacties van hun 
complexen, maar dat ze daadwerkelijk deelnemen aan de reacties (in tegenstelling tot Cp* 
liganden die vaak gebruikt worden in vroege overgangsmetaal katalysatoren). Van zowel 
elektronisch als chemisch niet-onschuldig gedrag wordt melding gemaakt in de literatuur en in dit 
proefschrift. Het vermogen om elektronen te kunnen accepteren zou zelfs noodzakelijk kunnen 
zijn voor de vorming van actieve Co polymerisatie katalysatoren. Complexen met liganden zonder 
dit vermogen konden niet of nauwelijks worden geactiveerd met MAO, zelfs niet voor de 
dimerisatie van etheen. Beperkingen van MAO kwamen in verschillende hoofdstukken naar 
voren. Cn*RhMe3 kon wel geactiveerd worden met zuur, maar niet met MAO, N3iPr2Rh 
complexen konden in het geheel niet geactiveerd worden en (tBu-pyp)CoCl2 kon alleen 
geactiveerd worden met deels vergane MAO. Het zou dus kunnen dat MAO niet de universele 
activator is die het vaak gedacht wordt te zijn en men moet serieus rekening houden met de 
mogelijkheid dat bij het testen op mogelijke activiteit met MAO actieve katalysatoren over het 
hoofd gezien worden.
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